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ABSTRACT 
Laser excitation on the C 2 - X2 1-I transition of SiF was used to prepare discrete 
rotational levels of the C 2 A ' v=0 state, allowing investigation of the collisional 
behaviour at a rotationally state—specific level. Temporally and wavelength—resolved 
returning C—X fluorescence spectra established that the initial population distributions 
were only slightly modified by rotationally inelastic processes within the C state under 
typical experimental conditions. Transfer within the F1 manifold appears to be favoured 
by a factor of -2 over transfer from F1 to F2 . For J in the range 2.5 to 21.5, there is little 
rotational dependence of the rate constant for total collisional removal from the C 2 
state by either H 2 or N2. The radiative lifetime of this state is also found to be essentially 
invariant within this range. As previously established, a fraction of the collisionally 
removed population is deposited in the lower—lying B 2y,  state. Dispersed B—X 
fluorescence spectra indicate broad rotational distributions in the dominant B 2  E 1 , V, =0 
product level, indicating substantial rotational energy release upon transfer between 
these electronic states. A positive correlation between the peak and average product 
state J' level and initial rotational state, J, is evident. Polarisation—resolved fluorescence 
excitation and detection established the viability of the direct production of anisotropic 
alignments of the SiF ensemble for both the C 2 A and B 21,  states. Investigation of the 
collisional process at a polarisation resolved level revealed, within relatively broad error 
limits, a positive correlation between the initial and final state alignment vectors. A 
limiting impulsive model was developed, which can reproduce the main features of the 
observed behaviour. It is believed that this impulsive release may be rationalised as a 
consequence of the respective valence and Rydberg characters of the C 2 A and B 2 + 
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Many chemical and physical changes depend on the transfer of energy that occurs in 
molecular encounters. Technological advances in recent years have allowed the probing 
of such encounters with increasing specificity, down to individual quantum state 
resolution. Many processes are found to be state-specific, with different forms of energy 
partitioning in the collision partners having varying effects on the outcome. 
Although some systems are readily explained from a 'simple picture' viewpoint, others 
are more complex and have not yet been understood. From a fundamental point of view, 
the influence of the various regions of a potential surface on transfer propensities is not 
established, while, from a more applied outlook, current understanding does not give 
confident prediction of behaviour outwith the regimes studied. This thesis is concerned 
with expanding the body of sufficiently resolved data to further understanding of the 
governing processes in collision induced electronic energy transfer. Ultimately, the aim 
is the formulation of a generally applicable model, which would be sufficient to explain 
experimental, and predict unknown, transfer behaviour for all systems. 
For several decades, there has been considerable interest in collision—induced electronic 
transitions in atoms and small molecules in the gas phase, primarily in determining the 
quenching rates of electronically excited states. Since quenching affects the fluorescence 
quantum yield, an understanding of electronic quenching rates is essential for the 
application of laser probe techniques. These include the measurement of species 
Chapter 1: Introduction and Review of Current Literature 	 2 
concentrations and temperatures in a variety of environments where molecular collisions 
may be evident, including combustion systems [1,2,3,4] and the troposphere [5].  These 
collisional processes can lead to highly specific vibrational state distributions in the 
emitting states [6,7]. 
Advances in molecular beam and laser methods have greatly facilitated the state-
resolved study of vibrationally and rotationally inelastic molecular collisions. Several 
reviews of these processes have appeared recently. A comprehensive work covering 
experimental studies of rotationally inelastic state-to-state collisions of small molecular 
free radicals has recently been published [8]. The majority of experimental studies of 
collision induced electronic energy transfer focus only on the determination of total 
quenching rates of the electronically excited species, usually by observation of the 
excited state decay lifetime as a function of the quenching species' density (pressure) 
[9]. Several papers have reviewed this particular area, [10,11,12,13], with a few 
concentrating on the effects of translational energy and excitation (both vibrational and 
rotational) of the excited species [14,15]. A number have also reviewed studies in which 
the product state vibrational distribution has been determined; these include systems in 
which electronic-to-vibrational transfer occurs from an excited species to a donor 
molecule [16,17] and chemical reaction of the excited species [11,18,19]. Considerable 
interest has also been shown in collisional excitation transfer as this is an important 
pumping mechanism in many gas-phase laser systems, including the He/Ne and CO 2 
lasers [20] and the iodine atom chemical laser [21]. 
Because there has been such extensive study in the field of collisional transfer 
processes, it will be necessary to limit the scope of this literature review. To maximise 
the relevance to the work undertaken in this thesis, studies included will be restricted to 
those on diatomic molecules in which the molecule undergoes a change in electronic 
state, and will exclude polyatomics and excitation transfer processes. Hence, the 
remainder of this chapter will consider mainly those studies in which the initial and final 
rovibrational or fine-structure levels have been resolved, although some relevant work 
with only vibrational resolution will be included. 
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1.1 Theoretical Models 
1.1.1 The Role of Spectroscopic Perturbations 
Several mechanisms have been proposed to explain collisionally induced electronic 
transitions. A comprehensive overview may be found in a previous thesis produced in 
this laboratory [22], so only a brief resume will be included here. 
The first theoretical treatment, postulated by Gelbart and Freed [23], considered the 
necessity of non Born-Oppenheimer state mixing in the isolated molecule, based on a 
study of CN X 2 - A 2  transfer. In this formulation, known as the 'gateway' model, 
for a transition between levels of total angular momentum J and J' in two different 
electronic states E and E', respectively, collision-induced transition cross sections may 
be expressed as 
CF FJ,EJ = 	C 
EE, (j) 2 
+CF EJ,EJCEE (J) 
2 
Equation 1-1 
The terms a EJ,EJ and 	EJ.E'J' are the cross sections for collision induced pure 
rotational transitions within the two electronic states and cEE'(J')  and cEE(J)  are the E-E' 
mixing coefficients in the isolated molecule induced by non Born-Oppenheimer 
interactions [24]. It can be seen therefore that transfer rates for collision induced 
transitions are equal to those for pure rotational transitions, reduced by the degree of 
electronic state mixing in the initial or final level. This implies that population transfer 
occurs through a rotational level which, in the isolated molecule, is perturbed by non 
Born-Oppenheimer interactions i.e. this level acts as a gateway through which the 
transfer occurs. From its theoretical basis, this model is strictly only applicable to 
'sudden' [25] and weak collisions, and its application depends on the availability of the 
rotationally inelastic cross sections. Further development of this model was undertaken 
by Alexander and co-workers [26,27,28] in their semi-classical theoretical study of 
energy transfer between the low-lying 1,3+  and 1311  states of alkaline earth oxides. 
These calculations indicated possible interference effects between collision-induced 
electronic and pure rotational transitions, in particular the large suppression of pure 
rotational transfer for the levels near a perturbation. This effect was also evidenced in 
the experimental study by Sha [29,30] of transfer between the A'[I and e3 states of 
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CO. As will be seen below, it is now known that rapid E - E' transfer occurs even in 
the absence of non- Born-Oppenheimer perturbations, established by experimental work 
on N2 [31,59,61] and N. [32,33,34,35,103,104,105,106]. 
Another simple model has been proposed by Bondybey and Miller [91] and Katayama 
et al. [66] to describe the product state vibrational distribution, based on CN A 2 LI 
quenching studies. This assumes that thermal transfer rates between specific initial and 
final vibrational states will behave in a Franck-Condon like manner, modified by an 
exponential energy gap scaling law, 




where q v ,v , is the Franck-Condon factor and EEVE'V'  is the vibronic energy difference. 
Again, it will be shown that, whilst applicable to certain systems, this is not a universal 
model of transfer behaviour. 
1.1.1.1 Electrostatic Mixing 
Several systems have now been discovered for which collision induced transfer is 
evident, but in which isolated molecule perturbations are not possible. In the case of 
A2[IU - 	transfer in N 2 (see, e.g., the study by Katayama [591), perturbations are 
strictly forbidden in the isolated homonuclear diatomic by the g 	u selection rule 
[24], yet collisional transfer is observed. For many other systems, however, efficient 
transfer occurs between states of the same electron spin multiplicity even when no 
obvious isolated molecule spectroscopic perturbations exist. Thus, an alternative 
mechanism must be controlling the transfer behaviour in systems such as these. 
Alexander and Corey considered the large A2LIU _X2 	cross sections for N 2 transfer 
and also the analogous AITI - X2 1,  system of the isoelectronic CN radical in terms of a 
perturbation induced by the approach of the quencher molecule [36]. This formulation 
relies on the removal of the cylindrical symmetry of the diatomic by the (non-collinear) 
approach of the collision partner. In this case, a 2  state may be described by a Potential 
Energy Surface (PES) of A' symmetry, whilst a 211  state may be described by two PES's 
of A' and A" symmetry in C geometry. Thus, the two surfaces of A' symmetry may 
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mix, allowing transfer to occur. 
In a diabatic basis, the surfaces considered neglect electrostatic coupling i.e. any 
transitions are induced by 'off—diagonal' potential matrix elements. The electrostatic 
coupling matrix elements between two states with arbitrary projections of the electronic 
angular momentum along the molecular figure axis are functions of R, r and 0. 
Expansion [37] gives the expression 
(A'ç 1 jA) =()?,r) 
l=JA -AI 
Equation 1-3 
where d'mm'  is a reduced rotation matrix element [37], Vim  (R,r) can be related to an 
integral over the electronic co-ordinates and r designates the vibrational co-ordinate. 
Using this relation, it is possible to deduce general expressions for the angular 
dependencies of the PES's relevant to 211 - + collisional transitions. The diatomic - 
collider interaction may then be described by 4 potential surfaces; V, V 11, V 1 and V2 
[37]. These can be summarised as follows. V,' describes the 'conventional' PES for the 
interaction of a molecule in a I state with the collider, V 11 describes the geometry—
dependent collider—induced coupling between the and H(A ') states, and V 1 and V2 
describe the 'conventional' PES's for the interaction of a molecule in H(A ) and H(A ") 
states, respectively, with the collider. 
The interaction of the 2  state with the perturber is represented by V, whilst two 
surfaces are required for the two components of the 211  state; A' by (V 11 - V2) and A" by 
(V11 +V2). The V 1 term describes the interaction between the two A' components induced 
by the perturber. 
Electronic structure calculations, however, are carried out in an adiabatic basis. These 
yield three adiabatic energies, E (1A'), E (2A') and E (1A"), all of which are also 
functions of (R, r, 0). These are the adiabatic surfaces which include the effects of the 
electrostatic coupling, and hence allow for collisions to be induced by kinetic coupling 
matrix elements. Transformation to a diabatic basis is possible via use of the off-
diagonal matrix elements of the first and second derivatives with respect to 
displacement of the various nuclear co-ordinates [38]. 
Chapter 1: Introduction and Review of Current Literature 	 6 
These surfaces have been calculated for the systems CN (A,X)-He [39] and N 2'(A,X)-
He [40] by several groups. The technique was found to be as accurate (for these 
systems) as the more complex procedure of calculation and integration of derivative 
coupling matrix elements. 
1.1.1.2 Spin Orbit Mixing 
For electronic states of different spin multiplicity, which cannot couple by electrostatic 
mixing, an alternative to the gateway model is available to facilitate collisional 
transitions. As in the previous (Alexander and Corey) theory [36], the approach of the 
collider alters the diatomic, in this case inducing a spin-orbit interaction, which allows 
the two electronic states to couple. This is illustrated by the quenching of NH (a 1i) to 
its X 3 ground state. Because of the LS :!~ 1 selection rule for the spin-orbit operator 
[24] there is no spin-orbit coupling between the a and X states in the isolated molecule. 
The approach of the perturber removes the cylindrical symmetry of the diatomic and 
allows coupling of the states [41]. This effect is also illustrated by calculations of the 
spin-orbit interaction in HN 3 for various HN-N 2 separations [42]. Generally, this type of 
collision induced spin-orbit mixing is weaker than electrostatic mixing. 
1.2 Experimental techniques 
To perform measurements on state-to-state collision-induced transfer, it is necessary to 
prepare the diatomic species in a specific initial level of an excited electronic state and 
detect a measure of the population distribution in the levels of the final, collisionally 
populated state. 
Studies of this type have been undertaken using both molecular beam and thermal cell 
techniques. Cell experiments permit the study of labile species, such as in the 
preparation of CN, either by dissociative excitation transfer from metastable Ar atoms to 
C2N2 (facilitated by the ease of production of metastable Ar by dc electrical discharge) 
[70,71,721 or excimer laser photolysis [13,43,44,45]. The production of N 2 by Penning 
ionisation of N 2 by metastable He ions [57,59,60] is another example of this technique's 
usage. 
Metastable initial electronic states of diatomics may be prepared through the use of 
molecular beam methods. These employ a supersonic jet source [46] to cool the 
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molecules into their lowest rotational levels, as utilised by Dagdigian et al. in their study 
of NH (a's) prepared by photolysis of HN 3 at the source [47,48]. Ottinger et al. used a 
dc electrical discharge between an electrode and the nozzle to produce beams of 
metastable excited N 2, NO and CO, and also vibrationally excited CN X 2 H with 
relatively high efficiency [49,50,51,52]. 
Determination of the population of the final electronic state rotational and fine structure 
levels may be achieved through the use of spectroscopic methods [53]. The most 
convenient, and common, of these is laser induced fluorescence (LIF). For collisions 
which transfer population into radiating electronic states, such as the SiF C 2   - X2 H 
and B 2 - X2 [11 systems studied in this thesis, wavelength resolution of the emission 
spectrum is employed to resolve spectral features which may be analysed to derive the 
population distribution of the collisionally populated state. The use of this technique to 
determine final state rotational population is dependent on the resolving power of the 
detection system (typically a monochromator). For several systems, resonance enhanced 
multiphoton ionisation (REMPI) has been employed in the state-selective determination 
of collisionally produced electronic states [54,55]. 
Another method of excitation and product state determination is that of optical-optical 
double resonance (OODR), or the 'pump-probe' technique, using cell conditions; see, 
for example the series of CN experiments performed by Dagdigian and co—workers 
[70-73]. 
In general, these inter—electronic state collisional transfer rates are much smaller than 
pure rotational relaxation rates, and thus short pressure-time products are required to 
probe under single collision conditions, i.e. the determined population distributions 
must not be altered by partial or complete relaxation. 
1.3 Previous Studies of Inter—Electronic State Transfer 
Following the previous section's outline of the various experimental techniques which 
may be employed to study collisionally induced electronic transfer, the remainder of this 
section will concentrate on their application to specific systems. In order to effect some 
organisation of the body of data which has been amassed within this area, the systems 
will be divided according to whether the states between which transfer occurs have the 
same or differing spin multiplicity. 
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1.3.1 Processes which Conserve Spin Multiplicity 
As discussed previously, transfer within systems which conserves spin multiplicity may 
be facilitated by both electrostatic interactions induced by the collision partner, and 
through spectroscopic perturbations in the isolated molecule, dependent on the nature of 
the particular system. The largest body of work in this field has been on the study of the 
transfer between the A and X states of the isoelectronic series N 2 , CN and CO'. 
N2+ A
2 n,, 
As discussed previously, transfer between these states can only be possible via 
electrostatic mixing induced by the collider partner, due to the g —/— u selection rule 
[24]. Laser excitation may be employed to prepare specific rotational fine structure 
levels in the resolved A - X band system, with the accessible vibrational bands limited 
by the Franck-Condon factors. Determination of states populated by A - X collisional 
transfer is possible through fluorescence excitation in the strong B - X band system; 
unlike the isoelectronic CN and CO heteroatomic systems, however, direct probing is 
not possible due to the g (  u selection rule [56]. Therefore, OODR intensities alone 
are insufficient to measure transfer rates; these rates may be deduced from the decrease 
in the A state population (from the A -> X fluorescence intensity) and the ratio of 
OODR intensities to various final X state vibrational levels [57,58]. 
Several studies on this system using the OODR technique have been carried out by 
Katayama et al. [57,58,59,60,61,62]. The first [59] probed vA=4 - v=7,8 with He as 
collision partner, using temporally overlapped pump/probe pulses to investigate under 
essentially single collision conditions. For both the near- isoenergetic v=4—v=v+4 
transition and VA=4--> v,= vA+3  (for which the energy gap, LE 1900cm 1 ), a propensity 
for small nuclear rotational angular momentum (A J < 2) was observed. The potential 
curves show the A and X curves crossing near v=9, V A=S, indicating strong coupling via 
the V 1 (A' component) (through Franck-Condon considerations) between v and 
vX=vA+ 4 levels. 
The rotational fine structure levels of N 2 have well-defined s/a symmetry [56], with 
even N levels having s-symmetry and odd N levels a-symmetry, which is found to be 
conserved in both inter—electronic state collisional transfer and pure rotational 
transitions. Further investigation into elf propensities, achieved by probing via vB=S 
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[60,621, revealed a similar intensity pattern. Transfer rates between vibrational levels 
were found to be large, with those across a large energy gap (v , = VA +3) being only 2-5 
times smaller than those for the nearly isoenergetic v, = VA + 4 transition [57,58] for 
both VA=3  and 4, the gaps being 145 and -14 cm - ' respectively. The Franck-Condon 
model (Equation 1-2) does not, therefore, adequately represent this system. 
Berning and Werner carried out quantum scattering calculations for the N 2 (X A) -He 
system [63], and obtained results which agreed in many respects with the experimental 
data. Small nuclear rotational angular momentum changes, conservation of s/a 
symmetry and elf spin doublet population propensities were all in agreement with the 
observed results, as were the calculated cross section trends. One major discrepancy 
arose in the magnitude of the cross sections; the calculated values are several orders of 
magnitude too small for the large energy gap v = ' A +3 transitions, a problem which 
has not yet been resolved. 
CNA 2U -4 x2r 
Unlike for N21  perturbations between the A and X states are allowed in the 
heteronuclear CN diatomic, and hence transfer rates (relative populations) can be 
directly determined from B - A and B - X OODR signals. The deperturbed spectrum has 
been assigned by Kotlar et al. [64] through analysis of the observed A - X electronic 
spectrum [651. Initial evidence for A - X transfer was from observation of the decay of 
laser excited A state fluorescence, which exhibits biexponential behaviour with a rapid 
initial decay followed by a slower decline, which was interpreted as equilibration of the 
A and v, = VAF4 levels prior to decay of these coupled levels [66]. Behaviour of this 
type has also been observed in CN relaxation in solid matrices of Ne, by both 
fluorescent emission [67] and laser fluorescence excitation [68]. 
Extensive investigation of this system has been undertaken by Dagdigian et al. 
[69,70,71,72,73] using the OODR technique, primarily with Ar as quencher. Transfer 
from initial vibrational levels VA=3, 7 and 8 to VX = VA+ 4 was studied, a AE range 
spanning from 640 cm-' (A=3)  to -80 cm' (VA =8). The vA=7, F1 manifold, f parity 
levels cross v,=1 1 around J=12.5, with a maximum I character of 40% for nominal A 
state levels at J=13.5, and hence provide a useful probe into the importance of isolated 
molecule perturbations in facilitating collisional transfer [64]. 
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For VA=3  and 7 to VX=VA+4  transfer, the collisionally transferred rotational state 
populations show pronounced even-odd alterations as a function of the nuclear 
rotational angular momentum, with the phase of the alternation reversed if the initial 
state elf parity is exchanged. This effect may be attributed to the near homonuclear 
nature of the CN - RareGas interaction, as the final states populated are those which 
would be populated for a homonuclear diatomic - atomic collider interaction, such as for 
the isoelectronic N2 ion. As was observed for N 2 —He collisions, small LJ propensities 
were observed for all CN collisional transitions studied independent of the energy gap 
involved. Quantum scattering calculations have been performed on this system [73,74] 
using previously determined PES's [39],  with good agreement between the experimental 
and computed distributions. As for N 2 -He, the main disagreement is in the magnitude 
of the large energy gap transition. 
The role of isolated molecule A - X perturbations was explicitly examined in a 
theoretical study [73] of CN-He v= '7 to v,= 11 transfer by inclusion of the isolated 
molecule perturbations [64] in the asymptotic diatomic rotor level wavefunctions. Cross 
sections for relatively unperturbed initial levels were unaffected by this inclusion, but 
were significantly suppressed when the direct electrostatic coupling was set to zero; 
conversely, transitions from the perturbed J=12.5 and J=13.5 A state levels were 
significantly enhanced upon inclusion of the perturbations. The effect of these gateway 
levels in CN - RareGas systems is obscured by the fact that transfer is efficient for all 
levels, even in the absence of perturbations, and the experimental study showed no 
obvious enhancement, although the most perturbed J=13.5 level could not be excited 
due to spectral congestion [70]. 
The converse, X - A collisional transfer, has been studied by de Moor et al. [75] under 
molecular beam conditions. Rotationally cold CN X'1 ' radicals were produced via dc 
discharge in a range of vibrational levels, with A - X fluorescence observed due to 
formation of electronically excited A 2  CN as the beam hit rare gas target molecules. 
All colliders studied produced similar product state vibrational distributions, with no 
apparent effects due to perturbations visible in the rotational band contours in the region 
of known A - X perturbations. This implies that, as for A —3 X transfer, direct 
electrostatic coupling is predominant over the influence of perturbations. 
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CNA 2H -B2 
It has long been established that addition of active nitrogen to an organic flame results 
in an intense flame, due to the production of excited CN A 2IT and B2E [76,77]. Broida 
et al. [78,79,80,81] have shown that predominantly A 2JJ state CN is formed, with low 
pressure emission occurring mainly through the few rotational levels of v B=O-)vA=lO 
[79,82,83] which are most strongly perturbed [84,85,86,87,88]. Collisional transfer 
through these levels was estimated to be at gas kinetic rate, with transfer from others 
around 2 orders of magnitude slower [78,86], thus providing early evidence for the 
importance of gateway levels in facilitating collisional transfer. 
More recently, laser excitation of specific rotational levels of VA=lO, with time-resolved 
B-X emission detection, has been used to study v B=OE-vA=lO transfer with greater 
resolution [89]. At short times after excitation, vB=O fluorescence is strongly enhanced 
by excitation of perturbed VA=lO levels, with emission following excitation of non-
perturbed levels observed after a short delay, due to the emitting levels being 
collisionally produced. Production of v=O from VA=8  and 9 (an endothermic process) 
has also been observed in an atmospheric-pressure CH 4 - N20 flame [90], made possible 
by the high flame temperature. 
CO A2fl - 
As for N2 and CN, A state CO was observed to undergo efficient vibrational relaxation 
through A -X collisional transitions in fluorescence resolved measurements 
[91,92,93,941. Compared to N2 A -x transfer, the A and X states are more widely 
separated in CO+, with the VA=O  and v=10 levels nearly isoenergetic, and have a much 
smaller Franck-Condon Factor. Mixing through spectroscopic perturbations [95,96] 
results in 30% character for v=O F e levels with J=2.5 - 6.5. 
Transfer between VA=lO  and v)FO with helium as collider has been studied at state to 
state resolution using the OODR technique by Dentamaro and Katayama [97]. These 
transitions are much less probable than for N 2 and CN, with efficient transfer observed 
only for the perturbed levels mentioned above. The very small Franck-Condon factor 
between these two states may explain why the transfer is so enhanced by the 
perturbation effect, especially when compared to analogous studies on N 2 and CN. 
Previous experiments have, however, questioned the role of the Franck-Condon Factor 
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as a controlling influence on electronic energy transfer [71,98,126], and therefore 
further complicate the search for a universally applicable theory. 
Transfer between excited states of N 2 
Many excited states of nitrogen, both singlet and triplet, exist [99], and the next section 
will outline studies undertaken to probe transfer between them. 
Transitions between singlet states 
Katayama et al. have studied transfer between the a ' IT and a '1 - states of N2 in 
collisions with helium and argon [100,101,102]. The a"r  state lies 1 vibrational 
quantum below the a'Hg state, but no isolated molecule spectroscopic perturbations can 
occur due to the g --- u selection rule [24] for homonuclear molecules. 2-photon 
excitation from the ground X 1 state was used to prepare specific initial rotational 
levels in N2 a'Hg v'=O, 1 or 2, with rotational distributions in the a'H5 and a'1 T,, states 
probed by 1+1 REMPI through the and b'.7  states respectively. Transfer was 
observed from the initially excited a 1Hg (v') manifold to both the nearly isoenergetic 
a'1 (v'+l) manifold and the lower lying (by 1200 cm - ') v' manifold. An observed 
propensity for LJ:5 5 resulted in a relatively narrow final rotational distribution. 
Vibrational product state distributions within the a" state were consistent with a 
Franck-Condon energy gap model [Equation 1-2]. Rate constants for collisional removal 
from the initially populated a 1 Hg state were determined to be smaller than those for N 2 -
He, a manifestation of the weaker interactions in neutral systems, and transitions across 
large energy gaps occurred at appreciable rates. 
Transitions between triplet states 
The low lying triplet states of N 2 include the A 3y + , A' 
5 y 
+ . 
BH, B ' 	and W 3 z 
manifolds [99]. Energy transfer in active nitrogen occurs via collisional transfer between 
the A3U,  B31T15 and W 3 A,, states, hence there has been extensive study of these systems, 
as will be discussed below. Collisional transfer between neighbouring vibrational levels 
in these systems is fast, despite the g —/--3 u selection rule [24] for homonuclear 
molecules precluding any isolated molecule spectroscopic perturbations i.e. no 
'gateways' can exist between the A and B or B and W states 
[49,103,104,105,106,107,108,109]. Transfer processes such as these have been 
postulated in energy conversion mechanisms in low altitude auroras [110] and the 
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production of infrared N 2 W - B laser emission [111]. 
B - A fluorescent emission subsequent to excitation of N 2 B 3 [I is often found to be 
multi-exponential [103,104,105,106,107]. These decay traces have been analysed to 
derive rate constants for collisional transfer between the initial B311g vibrational level 
and final vibrational levels in the A3 U [105], B'3 r [106] and W 3 &, [103,104,105,107] 
states with He, Ar and N 2 as collision partners. These experiments were not at rotational 
resolution, and total pressures in the Torr regime mean that the collision frequency was 
much higher than the radiative decay rate, resulting in multiple collision conditions. 
Molecular beam conditions have been employed by Ottinger et al. to study these 
processes under single-collision conditions [49,108,109]. A beam of metastable 
electronically excited N 2 molecules, with population in only the lowest rotational levels 
(Trot=140K) and a wide range of A3,,  and W 3 vibrational levels [112,113], was 
produced by dc discharge. This beam impinged on a low-pressure scattering cell, with 
collisions resulting in formation of the radiating B3H state detected by the resulting B 
—* A fluorescence. The relative populations of the B3H vibrational levels were 
determined from spectral analysis, with the contributions from the separate A —3 B and 
W —3 B processes assessed by altering the source-cell distance. This is possible through 
exploitation of the disparate lifetimes; all N 2 (W, v') levels have lifetimes < ims [114] 
whilst N2 (A, v') have lifetimes> is [99], thus allowing the W to A population ratio to be 
varied by altering the flight time to the scattering cell. 
Initially, cross sections for transfer between specific vibronic levels were determined by 
assuming a given B31IJ vibrational level was populated from the nearest energetic A 
and/or W vibrational level [108]. Subsequent investigation [49] labelled the A state 
vibrational levels by optical pumping depletion, so that A —4 B transfer cross sections 
could be derived without assuming energy resonance. The cross section magnitudes 
were found to decrease rapidly with increasing energy gap, but do not correlate with the 
Franck-Condon factor between the vibronic levels. For investigations with N 2 as 
collider, inter- and intra-molecular energy transfer were separated by use of ' 5N2 reagent 
and spectral deconvolution of the individual contributions from 14N2 and 15N2 B --) A 
emission [109]. The rotational contours of most of the emission bands were smooth, 
except those for v'=lO, which exhibited sharp features superimposed on a smooth 
contour. This is indicative of the absence or presence, respectively, of 'gateway', 
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perturbed levels. The sharp features have been shown [1151 to be due to fluorescence 
from a single rotational/fine-structure level in the  manifold [116], with a second 
rovibrational level in v'=12 also selectively populated, through a less well characterised 
perturbation. In addition to the metastable A and W states, the beam also contains A' 5 
state molecules. The enhanced emission from the perturbed v'=lO level was shown to be 
due to collision-induced A' - B transitions through the use of optical pumping in the 
quintet C"-- A band system [117]. Thus, Ottinger et al. concluded that transfer is 
occurring in this system through the gateway mechanism only. 
CO a311 
The collision—induced transfer from the metastable CO a311 state, prepared in a dc 
discharge, to a'3Y'and d 3A  states has also been investigated by Ottinger et al. [51]. As 
seen in N2 studies, the molecular beam of a state CO has a wide vibrational state 
distribution, as deduced from analysis of the weak a - X emission. Unlike the 
homonuclear N21  isolated molecule spectroscopic perturbations involving the low lying 
triplet states and the A 1 JJ state are possible [118,119,120,121,122]. Collisions of the 
beam with a rare gas in a scattering cell causes the formation of CO a'3 7 and dA states, 
which may be detected by observation of a' - a and d - a emission. Most of the a',d 
- a emission recorded showed smooth rotational contours, indicative of a broad final 
state rotational distribution due to a mechanism involving non-adiabatic electrostatic 
mixing between the initial and final states induced by the collision partner. The d —3 a 
(2,0) band displayed sharp features which correlate with known vd=2 v=9 
perturbations [118,122]. These distinct features, which arise due to selective population 
of perturbed levels, were more pronounced with He than Xe as collision partner, which 
suggests that, for this system, the gateway mechanism is more markedly important than 
electrostatic mixing for He than Xe. 
Alkali Dimers 
Investigations into transfer in Li 2 collisionally induced by Ar and Li for B'fl - A'U 
and Li only for C'I1 - B 'UU have been undertaken by Ennen and Ottinger [123]. They 
found large cross sections for transfer, with broad vibrational product state distributions. 
McCaffery and co-workers determined transfer from initially excited B'H levels into 
many rotational levels of the A ' ,, state for Na 2 [124,125]. They deduced a transfer 
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mechanism which populated the A' Z' ,, state via radiative decay from the (2) 19  state, 
which is itself formed through collisions of the B1 IIIU state molecules with 2S state Na 
atoms. One of these studies [1251 is the only known investigation to probe the 
polarisation of the collisionally produced fluorescence. A high propensity for electronic 
energy transfer to conserve the alignment of the diatomic with respect to the laser 
propagation direction was found when employing linearly polarised excitation. This was 
interpreted as evidence for 'sudden' transfer behaviour, and angular momentum 
considerations were assessed to exert more control over the transfer process than energy 
or Franck-Condon Factor influences. 
Hussein et al. studied the transfer between the B'H and (2) 1g  states directly [126] by 
exciting specific levels of the B1HU state and detecting wavelength-resolved emission 
from the (2) 19  state. Despite extensive perturbation of the A 
1  + state by b 3 fl,, the 
(2) 1 19 +  - A' Y-,, ' system was completely analysed and assigned, which allowed 
collisional propensities to be derived. The results implied relatively little Franck-
Condon Factor importance, with energy gaps being the dominant influence. This 
analysis was based on the assumption that only long range, weak interactions were 
present. 
Collisional transfer between Rydberg states of K 2 and Li2 has been investigated by 
Demtröder et al. [127,128]. For both, initial rotational levels were prepared by 2-step 
c.w. laser excitation via the B' f1 state with the sample in a heat pipe, and the product 
state distributions determined using wavelength resolved fluorescence detection. 
Transfer to both singlet and triplet Rydberg states was observed from initially excited 
1Ag state Li ? , where A was not assigned, whilst ', '7-' g transfer in K 2 showed a 
propensity for A .JO transitions. 
OHA 2 -X 2H 
As the hydroxyl radical is of crucial important in a wide variety of environments, so 
extensive research into its collisional quenching has been undertaken. Many groups 
have investigated collisional transfer rates for a variety of collision partners [14, 
129,130,131,132], with some also probing the effects of rotational excitation [133] and 
temperature [134]; one study combined investigation of both [135]. Quenching rates 
were found to decrease for both increasing initial rotational excitation and increased 
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temperature, leading to the conclusion that attractive forces dominate the quenching. 
A preliminary study [135] has investigated the final state distribution following 
electronic quenching, using the pump-probe technique. Monitoring of v"=1,2 and 4 has 
been achieved following pumping to v'=O in the A 2 + state, with results indicating high 
vibrational levels within the X211 state are populated, despite Franck-Condon Factor 
considerations. Work on this system is on-going [136,137]. 
I2 E(0) —D(0) 
Ubachs et al. investigated the collisional behaviour of a single rovibronic quantum state 
(v=8, J=56) of the E(0) ion-pair state of 12 [138] in collisions with 12, 02  and N2. 2-
step laser excitation through the B3H(0) state was employed to prepare a specific 
rovibrational level in the E (0) state, with D (0) collisional population monitored by 
wavelength resolved D - X fluorescence detection. A spread of vibrational levels, 
VD=lO 12, is produced, with essentially only one rotational state populated in each 
vibrational level, with remarkable LJ =0 selectivity. 
1.3.2 Processes which Change the Spin Multiplicity 
NH a'A —> X 3  
The rates of electronic quenching of a state NH with various collider gases, including 
Xe, 02, N2 and CO, have been measured [139,140,141,142,143,144]. Two PES's, of A' 
and A" symmetry, result from the asymptotic reagents for N 2 and CO colliders. The A" 
surface is strongly repulsive and correlates with the first excited (dissociative) electronic 
state of HN3 and HNCO [145], whilst the A' surface is strongly attractive and includes 
the system's global minimum. The A' surface is crossed by a repulsive 3A" surface 
which correlates to ground state NH X + Q, and it is this 1 A' 3A" spin-orbit coupling 
which allows both the quenching of A state NH and the spin-forbidden decomposition of 
HN3 [146,147]. 
No spectroscopic perturbations between the low-lying (relevant) NH a'A and X 3 - state 
vibrational levels have been identified [148,149], and there is no evidence for 'gateway' 
levels having any influence on the spin-changing quenching process. 
Xe and CO quenching are efficient [139,140,142], whereas cross sections with N 2 are 
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small and temperature dependent [140,142] because of an entrance channel barrier 
[142]. A large proportion of reactant a state NH undergoes chemical reaction in 
collisions with CO to yield H + NCO as products; this has been estimated to account for 
-88% of reactant [144]. 
The NH X product state vibrational distribution has been measured in cell experiments 
for a variety of colliders [139,140]. For N 2 and Xe, a state v'=O results only in X state 
v"=O, but for v'#O, N2 forms only v"=O, whereas Xe produces v"=0-2. This has been 
interpreted mechanistically to infer fast vibrational quenching (due to the 1A'{v'=l} 
1A" {v"-O} crossing) with little intersystem crossing occurring. Dagdigian et al. have 
studied a'A quenching by Xe and CO in a crossed beam experiment [150], with the a 
state NH produced by 193nm photolysis of HN 3 . This produces a range of populated a'I 
vibrational levels with cold rotational distributions [151]. The product state vibrational 
distribution spanned v , =0 - 4, with the measured monotonically declining distribution 
agreeing with that determined by Adams and Pastemack [139]; the two initial state 
distributions were also found to be very similar. The product rotational distribution 
correlated with the cold initial distribution and a propensity for LJ = 0 transitions i.e. a 
cold, N !!~ 4, distribution was observed. 
The population of the possible fine structure levels in the product state also show 
interesting features, relating to the different couplings possible between the spin (S) and 
rotational angular momenta (IV). Quenching by Xe and CO results in a near-statistical 
population distribution in the X' Y- - product state, whereas the spin-forbidden 
decomposition of vibrationally excited HN 3 produces essentially no population in the F2 
(J=N) X state levels [146,152,153]. This propensity to populate only the symmetric F1 
and F3 components has been explained as a consequence of symmetry conservation in 
the decomposition process. In a diabatic basis, the a and X3 y - states cannot couple in 
the isolated NH diatom. In a study of the spin-forbidden decomposition of HN 3 [41], the 
singlet - triplet coupling was found to be equal parts NH (a'i.) • N2 and NH (br) • N2 
character. Spin - orbit coupling to the nominally NH (K 3 ) state is therefore allowed 
via the 'I' component of the singlet wavefunction. This 'Z X 3 1 - mixing allows 
formation of only the symmetric F1 and F3 levels. For NH a'A quenching, however, the 
collision partner will also affect the triplet wavefunction, resulting in mixing of H 
character into the nominal X3 y - • M wavefunction. This then facilitates the formation 
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of both symmetric and anti-symmetric NH X' Y- - fine structure levels, providing an 
explanation for the experimental observations. 
Yarkony has calculated the 1 A' 3A" spin-orbit coupling in HN3 as a function of the 
nuclear geometry [421.  The differing results obtained for the uni- and bi-molecular 
processes have been rationalised by considering that decomposition samples a small 
HN-NN angular range, whilst the collisional process involves a much larger angular 
region [471. 
NH c'H —A 3H 
Rohrer and Stuhl have studied the collision induced intersystem crossing between these 
two states [154]. NH c'[I, v'=O was prepared via laser excitation from NH a'z, itself 
produced by laser photolysis of HN 31  with the product states monitored by recording 
temporally and spectrally resolved fluorescent emission. Efficiency of collisional 
transfer from the c to A state with 02  and NO as collider was near unity, whilst Xe and 
N20 produced much lower branching fractions. The product A state molecules were 
found to be highly rotationally excited. Quenching was very efficient for all colliders 
studied, with consideration for the quencher identity necessary to explain transfer. Total 
system spin conservation is achieved by concurrent 02 (a'L, v=4,20) production (from 
X3 ) with NH (A31-1, v=0-2) production. NO absorbs the singlet-triplet energy 
difference into vibrational excitation. For Xe, spin conservation is violated, but spin is 
not a good quantum number in heavy atom collisions. 
NO a 4 -> B211, b4YJ 
Collision-induced transitions from the metastable NO a4F1 have been studied by 
Ottinger and co-workers [50]. The spectroscopy of this molecule is well established, 
with the b4 _> a411 band recently recorded under high resolution [155], and the quartet 
manifold energy well defined relative to the doublet manifold [156,157,158]. Several 
perturbations have been characterised between the a and B states, namely v a=8 
and va=12 	v8=3 [157]. Results from beam experiments utilising a scattering cell 
containing He, Ar or N 2 [50] showed emission from essentially one rotational level 
within vB=O and 3, the populated level being that most strongly perturbed by the a state. 
These results therefore provide evidence of the 'gateway' effect. 
Collisions with paramagnetic 02  and NO, however, populate unperturbed B2111 rotational 
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levels, indicating that gateway levels are not essential for these species. Rather, this 
transfer is implied to occur by an electron spin change facilitated by a collision partner 
which itself has spin, thus conserving total spin. b -4 a emission, resulting from 
formation of b a411 - He, Ar collisions is also observed. For both these processes, 
the product state rotational contours were smooth, with none of the sharp peaks 
indicative of the gateway effect, and hence it may be concluded that the collisional 
transitions between the quartet a and b states is facilitated by electrostatic mixing 
induced by the presence of the quencher partner. 
Alkali Dimcrs 
An OODR investigation into collisional transfer from rotational levels in Na 2  A' U , 
V=26 to b 3 fl levels has been undertaken by Li et al. [159], with specific rotational 
levels within v=26 prepared by A - X c.w. laser excitation, and v b=28 levels probed by 
c.w. laser fluorescence excitation. The experiments utilised a heat pipe to provide the 
alkali metal diatomic, and the main collision partners were Na atoms. A weak 
perturbation is known, which significantly mixes only the A V=26 b 3 H v =28, 
J=16e, a-symmetry levels [160], and this exhibited a strong influence on the observed 
product rotational distributions. vA=26  —3 v=28 collision-induced transfer was found to 
be significant only from the J'=16 level, with the J'=16e b state level selectively 
populated. Excitation to an s-symmetry A ' ,, v'=26 level produces no observable 
b 3 H 2 population, whilst excitation of any a-symmetry A level produces b 3 H 2 
centred around J=16e, a regardless of the initial J value. This system, therefore, clearly 
exhibits gateway level behaviour. 
A more recent study [161] by Li et al. included transfer from the 	and G1119  states 
to triplet states of 7Li2. This study also found that population transfers selectively 
through perturbed (F1 79  I G'flg 3A) levels which act as gateways. Initial J has little 
effect on final rotational distribution, with the most intense 3A fluorescence occurring 
from the J (or N) of the most perturbed levels. This technique has previously been 
utilised as a method of preparing specific states for spectroscopic studies 
[128,162,163,164]. 
COA'fl—e 3E 
Sha and co-workers have measured state-to-state cross sections for transfer between the 
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VAO and Ve=1 manifolds of CO for various colliders using 2-photon excitation and 1+1 
REMPI detection [29,30]. Several perturbations exist between these manifolds [119], 
which are evident as peaks in the collisionally produced rotational distributions. 
Interference effects as mentioned previously are also observed, seen as peaks in the 
cross sections for transitions for which LJ # 0. This may be expected due to the small 
energy gaps, with the L J value displaced to a slightly positive or negative value 
dependent on the perturbation. 
1.4 Conclusions 
As has been shown in the preceding pages, a large body of work has been established in 
the field of collisionally induced electronic energy transfer for a wide variety of 
systems. The importance and validity of that data obtained can be estimated from the 
extent of the investigation performed. Of those systems studied, the isoelectronic CN - 
CO' - N2 series has been most extensively probed, by both theoretical and experimental 
techniques, and may thus be considered to provide the most dependable body of data 
from which conclusions may be drawn. Other systems which have been less intensely 
studied may also provide useful insights into collisional behaviour, but care must be 
taken to avoid inferring too much in a general manner from relatively specialised data. 
What is evident is that, as yet, there is no universal model which can successfully 
explain the collisional behaviour of even the relatively small number of systems which 
have been investigated. It has been noted that, where they exist, perturbed (gateway) 
levels appear to have a dominant effect on the transfer propensities, yet for systems in 
which they are forbidden (i.e. the majority of those studied), transfer may still occur 
efficiently. Further, perturbations which exist do not always exert control over the 
transfer process. 
Thus, despite an ongoing research interest spanning 30 or more years, an acceptable 
universal theory to explain the observed behaviours has not been forthcoming, and it is 
with this in mind that this thesis will progress. Previous investigation in this laboratory 
[221 has been undertaken into the collisional behaviour of the nominally isoelectronic 
SiCl and SiF systems with a variety of collision partners. As will be discussed in the 
following chapter, these systems have a fortuitous discrepancy in the lifetimes of the 
directly excited and collisionally populated electronic states, and thus provide a 
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relatively simple way of probing nascent collisionally—produced population 
distributions. Thus, the work described in the forthcoming chapters will attempt to add 
to the current knowledge by investigating the collisionally induced electronic energy 
transfer of the SiF C2z - B 2y,  system at increasing levels of resolution, from vibrational 
to polarisation-dependent rotational excitation and detection. In doing so, it is hoped 
that the greater insight afforded by increasing the state-specificity will allow further 
development of the understanding of the process. 
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To facilitate the observations to be made in this investigation, 3 main criteria have to be 
fulfilled by the practical technique used: 
preparation of the required molecule in the specified lower (often the ground) state 
excitation of the desired species to a specific rovibronic level 
detection of the collisionally produced species. 
The apparatus deployed to effect these tasks is described in the remainder of this 
chapter, and is shown schematically in Figure 2-1. Gas phase radicals are produced by 
microwave discharge in a flow system, with Laser Induced Fluorescence (LIF) 
employed for selective excitation and wavelength—resolved detection. 
2.2 Preparation of Gas Phase Radicals 
2.2.1 Gas Handling 
The precursor and bath gases were handled using a purpose built vacuum line, 
constructed of Pyrex glass and incorporating Young's greaseless taps. This was 
evacuated using a liquid-N2 trapped single stage mercury diffusion pump (which was 
latterly replaced by a small oil diffusion pump) backed by a small rotary pump 
(Edwards M5). Pressures were monitored using a capacitance manometer (MKS 626 
Baratron, 0-1000 Torr scale) and typical base pressures were less than 0.005 Ton. Gases 
were introduced to the vacuum system via 14"  Teflon tubing, and the prepared mixture 
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stored in a 10 litre glass bulb. 
2.2.2 Flow Control 
With one exception, gas entry into the flow system was regulated by mass flow 
controllers (Advanced Semiconductor Materials, AFC-260) with control ranges of 0-50, 
0-500 and 0-2000 Standard Cubic Centimetres per Minute (sccm). These were, in turn, 
regulated by a dedicated controller (Advanced Semiconductor Materials, ROE), and 
maintained a constant flow through monitoring of the temperature gradient across their 
internal apertures. An accurate absolute measurement of the flow rate was not required 
for most experiments, and hence it was not necessary for the flow controllers to be 
accurately calibrated (the factory calibration is for N 2 flows). 
It was found that these controllers afforded poor regulation of hydrogen flows, and were 
therefore unsuitable for measurements where a series of stable measurements over a 
relatively small pressure range was required (see, for example, the measurement of 
quenching rates as discussed in Chapter 5). In these experiments, the flow was instead 
regulated by a needle valve (Nupro B-4JN), which was found to give stable flows with 
much enhanced control. 
Using of these two techniques, a selected constant pressure of the required gases could 
be maintained in the flow tube. 
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2.2.3 Microwave Discharge 
The silicon fluoride radicals required for this study were produced via microwave 
discharge in a flow of silicon tetrafluoride, SiF 4, diluted in argon. A microwave power 
generator (EMS Microtron 200 Mk.1) was used to produce microwaves with a 
frequency of 2450MHz at a power of -50 Watts, with typical reflected powers of -30%. 
These were coupled to the plasma through an air-cooled microwave discharge cavity 
(EMS 214L) which enclosed the quartz discharge arm and effected dissociation of the 
SiF4 to the desired SiF radical and other, non-detected fragments. 
2.2.4 Discharge Flow System 
The main flow tube was constructed from 25mm diameter Pyrex glass, with a total 
length of approximately 1 metre, and consisted of three main sections: a quartz side arm 
to allow the introduction of the desired radical species, a stable quenching gas inlet 
downstream of this, and an excitation / detection region. Pressure in the system was 
maintained by a high throughput rotary pump (Edwards E2M80, 80m 3h 1 ), with a liquid-
N2 cryotrap reducing pump oil degradation by the corrosive gases used. 
Pressure stability in the system was excellent, with variations of around ±0.005 Torr 
hour- ' after flows had been allowed to stabilise; flow tube pressures were measured 
using an MKS Baratron [model 627, 0-10 Torr]. For collisional transfer experiments, 
typical pressures were of the order of 1.5 Ton, while quenching studies involved total 
pressures in the range 1 to 10 Ton. 
The quartz side arm entered the main flow tube through a custom-made 0-ring sealed 
brass coupling, and protruded to -5 centimetres upstream of the excitation / detection 
zone. The quenching gas flow entered perpendicular to this -10 cm upstream of the 
excitation zone via a ground glass joint. This ensured that adequate mixing of the two 
flows had occurred prior to excitation. 
The excitation and detection zone was in the form of a six-way cross, as shown 
schematically in Figure 2-2. The excitation laser beam (see section 2.3) entered the zone 
vertically from above, i.e. perpendicular to the flow axis, through side arms fitted with 
quartz windows set at the Brewster angle. Perpendicular to both axes was a vertical 
quartz window through which the resultant fluorescence was detected. This flat was 
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5mm thick in order to minimise any deformation which may be caused due to the 
reduced pressure within the flow tube relative to the external atmospheric pressure. 
Deformation of this type is a known source of birefringence, which must be avoided if 
polarisation studies on the fluorescent emission are to be meaningful. 
Radical losses due to collisions with the flow tube walls are a major problem with 
apparatus of this type, and were minimised in two ways. The flow tube was designed to 
be linear, and the walls were coated to reduce the chances of collisions leading to radical 
recombination. Previous studies in this laboratory [1,2] have found that a combination 
of two treatments is the best solution. The internal walls of the excitation zone were 
coated with halocarbon wax. However, the property which gives this compound its ease 
of application (a melting point of -60°C) also makes it unsuitable for the treatment of 
the discharge arm, where gas phase temperatures may reach several hundred Centigrade. 
The discharge arm was therefore coated with phosphoric acid. This requires three steps 
of treatment: 
the arm is cleaned by washing in hot 5M potassium hydroxide solution, 
phosphoric acid is run through the arm, and the coated piece heated to -1000 K 
using a Bunsen flame. 
overnight baking at -700 K produces a uniform white coating. 
2.3 Excitation Laser System 
The laser system used in these studies was a Neodymium: Yttrium Aluminium Garnet 
(Nd: YAG) pumped dye laser with a Wavelength Extender Unit (WEX). 
2.3.1 Nd:YAG Laser 
The Nd: YAG laser used was a model SL803 Q-switched laser as supplied by Spectron 
Laser Systems. This consists of separate oscillator and amplifier units, each with a 
flashlamp-pumped Nd-doped YAG rod. 
The fundamental output wavelength of 1064.8nm is produced by transitions between 
electronic energy levels of the Nd 31  ions embedded within the YAG rod. Nd 3 has the 
ground configuration [Kr] 4d 10  4f 3  5 25 6  and lasing occurs mainly between the 4F312 
and 111/2  states. In free Nd 
31  this transition is doubly forbidden (by the L1L=0, ±1 and 
iJ=0, ±1 selection rules), but the crystal field interactions within the YAG crystal split 
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these states into eight non-degenerate components, and form eight allowed transitions, 
of which the X=1064.8nm contribution is dominant at room temperature [3]. 
A Pockels cell effecting Q-switching within the oscillator cavity enhances the output 
power and quality of this system. This involves lowering the 'quality', Q, of the cavity 
for a short time interval by preventing the reflection of radiation within the cavity. This 
allows the population of the upper lasing level to increase beyond the level allowed for a 
fixed, high-Q cavity. The Pockels cell consists of a block of potassium dihydrogen 
phosphate, KDP, a material that becomes birefringent when a voltage is applied across 
it. Control of this voltage allows control over the power and duration of the oscillator 
output pulse. 
The fundamental YAG output at X=1064nm has an approximately Gaussian pulse shape 
of 20ns Full Width Half Maximum (FWHM), with a power of :! ~ 1J at 10Hz repetition 
rate. Two potassium dideuterium phosphate, KD*P,  crystals allow alteration of the fixed 
output wavelength. The 1 064nm fundamental may be doubled by one crystal to produce 
second harmonic, 532nm, output, whilst the third harmonic may be generated by mixing 
this 532nm output with the 1064nm fundamental using both crystals, resulting in :! ~ 140 
mJ of radiation at 355nm. 
2.3.2 Dye Laser System 
The 355nm radiation produced as described in the previous section was used to pump an 
SL4000 dye laser supplied by Spectron Laser Systems. This provides a source of 
tuneable laser radiation which may then be doubled as described in the following 
section to produce laser light at the desired frequency. 
For all experiments performed in this thesis, the active lasing medium was a methanol 
solution of Coumarin 500 laser dye. As is typical of laser dyes, this is a large organic 
molecule (7-ethylamino-4-trifluoromethylcoumarin) [4] which may be excited from its 
ground excited electronic state, S 0, to the first excited singlet state, S 1 [3]. Upon 
excitation, collisional relaxation results in a Boltzmann distribution in the S  rotational 
and vibrational levels, which then fluoresce back to vibrationally excited levels of S. due 
to the Franck-Condon principle. This relaxation shifts the S 1 - S0 fluorescence to higher 
wavelength than the peak of the absorption, and so means re-adsorption of the 
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fluorescence is not a factor. Dye usability was extended from a half-life of a few hours 
typical of the Coumarin dyes to an effective 'lifetime' of several weeks through the 
addition of DABCO, 1,4-diazabicyclo [2.2.2] octane, at a quantity of -1g P. This acts 
as an effective triplet quencher, and so reduces dye decomposition. 
The dye laser system consisted of one oscillator and two amplifier stages. A small 
fraction of the 355nm beam is split off to pump the oscillator, with the remainder 
divided equally between the two amplifiers. 
The oscillator cavity consists of a transversely pumped dye cell, a master holographic 
grating, a tuning mirror, an output coupler and a prism beam expander. The dye cell has 
a correcting window which allows the correct angle of attack on the grating, which is 
mounted at grazing incidence. Wavelength tuning is achieved using the tuning mirror 
which is mounted on a sine drive and controlled by a dedicated PC [FBS 486-DX] 
running custom software [Spectron Laser Systems, AutoTracker Version 8.10] via an 
AT101 scan controller. The resultant oscillator beam is horizontally polarised. There 
was also the provision to fit an etalon within the oscillator cavity in order to produce 
narrower bandwidth output (50.1 cm -1 compared to 151.0 cm'). This was a refinement 
over the laser system used for most previous studies in this laboratory [1,2], and was to 
allow excitation of closely spaced spectroscopic features which had not previously been 
resolvable. However, the system was a near-prototype design, and despite extensive 
testing and modification, we were unable to force it to perform anywhere near 
satisfactorily. High-resolution experiments were therefore abandoned. 
The amplifier cells were also transversely pumped. Power monitoring was provided 
after the first amplifier cell by a beam splitter which sampled a fraction of the beam, this 
portion being steered onto a monitor photodiode; this signal was recorded by the scan-
controlling PC. Two 1-litre capacity dye circulators provided constant circulation of the 
dye solution. 
The dye laser output was typically in the region 510 - 520 nm, with output powers of 10 
- 20mJ and a FWHM of -2Ons. 
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2.3.3 Wavelength Extender Unit 
The output of the dye laser was frequency doubled using a Spectron Laser Systems 
SL4000D-FM4A wavelength extender unit. This also has the provision for wavelength 
doubling and mixing, but this was not required in the studies. 
For the current purposes, this unit consisted of a single temperature-controlled housing 
containing a stepper motor driven crystal mounting. This held, a frequency doubling 
crystal of potassium dideuterium phosphate and a quartz compensating block to correct 
beam deviation as the crystal is angle-tuned. Power monitoring was again facilitated by 
a beam splitter sampling a portion of the beam onto a photodiode; this is the signal that 
the dedicated autotracker PC running custom software [Spectron Laser Systems Auto2] 
used to ensure 'constant' doubled power output. 
2.4 Detection System 
2.4.1 Fluorescence Capture Optics 
Three different configurations of the detection optics were employed. Initially, a two 
lens system was used to independently maximise both the 'capture' of the LIF signal 
and the focusing of the captured signal into the monochromator. Latterly a single lens 
was used. The polarisation studies required a more complex set-up, based on the single 
lens system. Each of these systems will now be described. 
2.4.1.1 Typical Rotationally Resolved Studies 
Due to the geometry of the system, and ignoring any effects due to polarisation, the 
laser—induced fluorescence will be emitted over a solid angle of 4t i.e. in all directions. 
The minimum achievable distance from the excitation point to the lens position was 
around 50mm, thus, an f/i collection lens (diameter and focal length of 50mm) was 
used [Halbo Optics]. This allows for maximum possible collection efficiency. The 
resultant collimated beam was then coupled into the monochromator using a second 
lens, which focused the beam onto the monochromator entrance slit. This was chosen to 
match thef-number of the monochromator i.e. the ratio of the monochromator's focal 
length to the dimension of its mirrors. This allows optimum wavelength resolution by 
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filling the optical components of the monochromator, and maximises throughput. A lens 
of 50mm diameter and 350mm focal length was optimum to match the f / 7 
monochromator. This set-up is shown in detail in Figure 2-2. 
2.4.1.2 Polarisation Studies 
For later polarisation studies, this two-lens system was replaced by a single lens, as 
shown in Figure 2-3. A fundamental limit is placed on the efficiency of the collection 
optics by the characteristics of the monochromator and emission source, and a single 
lens system was tested due to the reduced reflection and absorption losses it. The f/ 7 
lens was used for this purpose, which necessitated the reoptimisation of the 
monochromator to flow tube distance. A small increase in signal magnitude was 
obtained, and this configuration was kept for the polarisation experiments, as it afforded 
more space for the extra polarisation optics required in the fluorescence path. These 
were a PhotoElastic Modulator (Hinds International Inc., PEM-80 Series I, FS5) and a 
fixed Glan-Taylor polariser (Halbo Optics). This arrangement is shown in Figure 2-4. 




Figure 2-2 : Close-up of 2 lens fluorescence capture optics. 
Gas flow is from back to front. The excitation laser propagated vertically downwards 
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The PEM works on the principle of strain-induced birefringence. A fused silica optical 
element is attached to a piezo-electric crystal which vibrates with a frequency of 
50MHz. This drives the fundamental standing wave frequency of the optic, and allows 
control over the induced birefringence at the centre of the element. This effect is 
illustrated in Figure 2-5. As can be seen from this figure, the PEM can alter the phase 
between the two (horizontal and vertical) components by between +45° and -45° relative 
to either component. Thus, to detect both components, the PEM must be set at an angle 
of 45° to vertical. 
The PEM driver cannot itself be triggered, and so a phase-locked output is provided 
which is used to trigger all other electronics via a CAMAC system as described below. 
The rotation of the incident wave polarisation is dependent on the state of the PEM 
crystal in the compression—stretching cycle, which is time—dependent. This therefore 
implies that a specific magnitude of rotation may be selected through careful timing of 
the detection electronics relative to the PEM cycle. Careful setting of the delays 
therefore allows for the selective detection of both horizontal and vertical components 
of the fluorescence with a fixed detection polarisation selected after the PEM by a Glan-
Taylor fixed polariser. The monochromator was found to slightly preferentially transmit 
horizontally polarised light, hence this polariser was set fixed at 90° for all polarisation 
studies. This arrangement removes any effects which may be induced by a polarisation 
dependence of the monochromator transmission, as it allows for the detection of both 
polarisation components of the fluorescence whilst transmitting the same polarisation 
through the monochromator. 
Two calcite Glan-Taylor polarisers were used in the polarisation studies, one as 
described above in the fluorescence path, and one in the laser beam immediately before 
the entrance window to the excitation zone. This was to ensure purity of the linear 
polarisation of the excitation laser. For both optic systems, initial alignment was 
performed using a small electric bulb in the excitation zone. Lens position was then 
adjusted until a sharp focused image was obtained on the monochromator entrance slit. 
This gave an initial lens position, which was subject to small realignment on a daily 
basis using the strength of the LIF signal itself. 
- 




Figure 2-3 Modified optics system using 1 lens for combined collection and focusing 





Figure 2-4: Close-up of reaction zone for polarisation-resolved experiments, showing 
single collection-focussing lens, limiting aperture and PEM element. Laser propagation 
is vertical, with gas flow right to left 
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2.4.2 Fluorescence resolution and detection 
Wavelength dispersion was performed in all experiments by a Huger and Watts 
Monospek 1000 D400 grating spectrometer. This has a focal length of 1000mm and an 
effective f-number of -7. Dispersion was from a 1200 groove mm' holographic grating 
operating in first order, the position of which could be both manually and electronically 
controlled. Electronic control was effected by a retro-fitted stepper motor (Hytec KS-
500, 500 steps per revolution), controlled by a Hytec SMC 1606 stepper motor driver 
system, and attached to the manual grating sine drive. This communicated with other 
electronics through a CAMAC crate as described below. Wavelength calibration was 
carried out by comparison of known emission line positions for a low pressure mercury 
lamp [5],  and previous studies had shown that the instrumental dispersion was 0.82 
nm/mm [2]. 
The wavelength resolved fluorescent signal was detected by a photomultiplier tube 
(EMI 9789QB or 9558QB, PM28R power supply). These tubes have variable spectral 
response between approximately 200 and 900nm, and in the region of interest for these 
studies, -250 - 350 nm, have a quantum efficiency of -20% [6].  Both have CsSb 
photocathodes and a venetian blind dynode arrangement (13 dynodes for the 9789QB, 
11 for 9558QB), with the 9789QB optimised for low dark counts and the 9558QB 
giving enhanced temporal response. PMT output signals were amplified using an EM! 
A2 unit for xlO amplification or Stanford Research Systems SRS240 (NIM module) for 
x5orx25. 
Ambient and scattered light signals were minimised through careful isolation of the 
detector. The PMT was mounted flush to the monochromator facing using a light-tight 
flange, and the whole unit wrapped in thick black cloth. This was found to reduce 
background signals to an acceptable level. 
2.5 Data Acquisition and Experimental Control 
All experiments were controlled through a CAMAC (Computer Aided Monitoring And 
Control) system (DSP optima 860 crate with a DSP 6001 crate controller module) 
interfaced to a dedicated microcomputer (Dell 433MX Optiplex) via a DSP PCO04 
-45 
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Figure 2-5: Schematic of PhotoElastic Modulator operation. 
Shaded central block is quartz transducer, with wave propagation right to left in figure. 
interface card. Ultimate control was afforded by custom-written software, 'JO', 
developed previously in this laboratory [7]. This allowed both control of the 
experimental timing from a central source, and convenient data acquisition routines. 
A LeCroy 4222 pulse delay generator (PDG) handled experimental timing. This was 
controllable through the CAMAC bus via JO, and provided 4 separate outputs with 
individual delay control and minimal (<2ns) jitter between outputs. For all experiments, 
this system was run at 10Hz repetition rate, with all other electronic triggered from the 
PDG. The PDG outputs were routed through a custom built line driver, which afforded 
flexibility in the actual trigger pulse shape. The PDG has a fixed +5V, positive-going 
output which is insufficient to trigger some of equipment, thus a line driver which could 
provide normal or inverted output pulses of +5, +15 or +20V was employed, giving 
suitable triggers for all equipment used. 
Laser pulse triggering was also accomplished via this module, but the wavelength 
scanning was not. This was handled by a stand-alone scanning program supplied by 
Spectron Laser Systems, which ran on a dedicated PC [FBS 486 Turbo] which required 
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manual synchronisation of starting with the experimental control and data acquisition 
program. Fortunately, absolute accuracy in start timing was not required, as all the 
relevant spectroscopic data was already known, thereby allowing easy recognition of 
recorded data by comparison with previous experimental and simulated spectra. 
The fluorescence signal was detected by a PMT and amplified as described previously. 
This produces an analogue signal, which was digitised by a transient digitiser [DSP 
2001A] operating at 100MHz, (equivalent to iOns timing resolution). This, in 
conjunction with the software, allowed up to 10 signal gate (start—stop) pairs to be set, 
facilitating the recording of up to 10 signals at differing delays. For some experiments, 
it was only necessary to record the entire fluorescence decay waveform e.g. fluorescence 
excitation scans. Others, however, were more informative if temporally—resolved 
fluorescence could be recorded. One example of this is the measurement of the 
collisional population of the B 2y,  state from C 2 & as will be described in Chapter 6. 
Exploiting the ability to record at several times relative to a fixed event, such as the 
excitation laser firing, allows a temporally evolving picture of the process to be 
established. 
Some experiments, such as the polarisation studies, required measurement of the probe 
laser power. This was achieved by placing a Joulemeter [Molectron model J3-09DW] in 
the beam path after the exit window of the excitation zone. This produces a calibrated 
output voltage related to the energy of the impinging laser beam, which was digitised 
using a Hytec ADC520 analogue to digital converter within the CAMAC crate. JO 
could then record this signal as a scan was run, giving data files containing both signal 
and power information. 
Data analysis was carried out both 'on the fly' and in greater detail. 10 has provision for 
displaying data in its native format, which may be used to determine wavelengths for 
specific spectral features, check rough scans before attempting a long run, etc. For more 
in-depth analysis, specialised packages such as ORIGIN TM  [8] were used. ORIGIN TM 
has features which make data fitting and analysis facile, including its own programming 
(macro) language, Lab Talk TM  Various custom written programs, and some commercial 
packages such as MAPLE V [9],  were used to simulate experimental data, and will be 
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discussed in more detail in the relevant sections. 
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Chapter 3 
Spectroscopy of the SIF B 2 - X2H 
and C2L - X21-1 Systems 
3.1 Introduction 
The main aim of this thesis is to investigate the collision induced electronic energy 
transfer between rovibronic levels of the C'A and B 2 states. As described in Chapter 1, 
the technique employed requires laser excitation of specific rovibrational levels of the 
C2A state from the ground X 2U state, and the subsequent detection of both C 2 A - X2U 
and any B 2 - X211 collisionally induced fluorescence. Thus, a detailed understanding 
of spectral band intensities and transition probabilities in the C—X and B—X systems is 
essential for quantitative analysis of the resultant spectra, and hence deduction of the 
product state distributions. 
A previous study [1,2] had determined the spectroscopic details for the three states of 
interest in this study, namely the X2U, C2  A and B 21,  states of SiF. Thus, this chapter 
will outline the essentials of the spectroscopy involved in transitions in a diatomic 
system, summarise what is already known specifically about SiF and present new 
spectra obtained in this study. 
3.2 A Historical Perspective of SiF 
Since first observed by Porlezza et al. [3] in 1911, the SiF diatomic has been probed in 
some depth by both experimental and theoretical means. The radical has been found to 
exist in a number of environments, which lends weight to its importance beyond purely 
academic interests. Emission attributed to it has been recorded from stellar atmospheres 
[4], and its presence as a constituent of the Sun was postulated [5].  More recently, the 
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State X2 11 B 2 C 2 
T(a) 0 34561.57 39438.07 
A e (b) 161.689 - 0 / 2.46 
We 857.31 1011.16 889.70 
O e -4.83 -4.84 -5.62 
0.018 0.012 -0.044 
0.58116 0.62675 0.60380 
De  x 106 1.07 0.96 1.09 
ae 0.00492 0.00464 0.00579 
Table 3-1: Principal spectroscopic constants for 28Si 19F for the X2 H, B2 E 4 and C2 L. 
states. 
All values are in wavenumbers (cm'); (a) electronic term value, equal to the zero 
point energy difference between the ground and excited state; (b) spin-orbit 
interaction energy for the theoretical vibrationless energy level of the state; (c) the 
vibration wavenumber which a classical harmonic oscillator would have for an 
infinitesimal displacement; (d) the first anharmonic constant; (e) the second 
anharmonic constant; (f) rotational constant for the state in a theoretical vibrationless 
energy level; (g)  centrifugal distortion constant; (h) vibration-rotation interaction 
constant; (i) see text for discussion 
- A2 ZI  system has been used as the basis of a chemical laser [6].  The existence of 
SiF in the plasma etching of silicon during the manufacture of integrated circuits has 
also been confirmed [7]. 
The ground state is established as a 2 1-1 state [8],  as are the C, D(2), D', D"(2), D"(3), E, 
H and I states [9,10,11,12,13,14,15]. States of 2+  symmetry so far determined include 
the A, B, C", D"(l), D", F, G, G' and H states [8,9,10,12,13,14,16,17,18, 191,whilst 
other states, such as the low-lying a4 [20,21], the D 2 [17], the 2  C, H and M states 
[8,13,16,22,23] and the M(1) state [23], have also been identified. A few of the recent 
studies have utilised the REMPI technique via the A, C' and C" states [13,24,25]. 
Chapter 3 : Spectroscopy of the SiFB 2 	-X 2 11 and C 2 -X2 11 systems 	 49 
The X211 [26,27,28] and a 4 [28] states have been examined theoretically using self 
consistent field (SCF) wavefunctions. A minimal basis full-valence configuration-
interaction (FV-CI) calculation performed by Bialski and Grein [29] shows the lowest 
21 ' and 2  states to be repulsive, while more recent CI studies have compared calculated 
and experimental spectroscopic constants for the lower valence and Rydberg states 
[30,31]. These included the X211, a4 E, B 2+  C' 2 LI, C2 4 C"2 and E2 11 states, 
for which good agreement was found, and a further eight states for which theoretical 
values were obtained but no experimental data exists for comparison. 
3.3 Potential Energy Surfaces and Spectroscopic Constants 
The potential energy curves relevant to this study are shown in Figure 3-1. These were 
derived using published molecular constants [32], as shown in Table 3-1, in a program 
using the Rydberg-Klein-Rees (RKR) procedure [33,34,35] written by Singleton [43]. 
It can be seen that the equilibrium internuclear separation of the C 2  state (re  = 1.5713 
A) is slightly shorter than that of the ground state (re  =1.6011 A), resulting in an only 
mildly off-diagonal band system due to the Franck-Condon principle. The 
corresponding B 2E value of re is shorter still at 1.5414 A, which will lead to 
correspondingly longer emission progressions. The value of the spin-orbit splitting is 
ambiguous; this will be discussed in Section 3.4.6. 
3.4 Spectroscopy of Diatomics 
3.4.1 Energy Level Structure 
For any transition between two states of respective energies E' (upper) and E" (lower), 
the transition energy is given by the energy difference between the two levels, 
E'—E" 
Equation 3-1 
The energy of a given rovibronic level in a ' V state is given by 
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Ev=Te+We(v+)4)_WeXe(V+3/2)2+WeYe(V+34)3_ .... +Bv J(J+1) —D v J 2 (J+1) 2 +. 
Equation 3-2 
where J and v are the rotational and vibrational quantum numbers respectively. This 
expression ignores higher order anharmonicity and centrifugal distortion coefficients. 
However, for any state not of 'Y-' symmetry, this expression is an oversimplification, as 
for these systems, the energy level structure is significantly affected by coupling 
between angular momenta within the molecule. Neglecting the nuclear hyperfine 
splitting, there are three distinct momenta, defined as 
the total nuclear rotation angular momentum, 
L, the total electron orbital angular momentum, and 
the total electron spin angular momentum. 
The coupling of these individual momenta to form the total angular momentum, J, is 
described in terms of Hund's cases [361, of which two types are applicable to this study. 
3.4.2 Hund's Coupling Case (a) 
This scenario is illustrated in Figure 3-2. The strong, axially symmetric nuclear field 
dominates the interactions within the molecule. Interaction between the nuclear rotation, 
R, and the electronic momenta, L and S, is weak, with L and S coupled to the 
internuclear axis. The projections of these vectors onto the internuclear axis are denoted 
A and 1, respectively, and the coupled resultant, directed along the internuclear axis is 
given by 
Equation 3-3 
where A can have values A=O,1,2 .... L, and Y, can have any integer (or half—integer, 
depending on whether the number of electrons is even or odd) value between -s and S. 
The total angular momentum, J, is therefore the resultant of Q and the nuclear 
rotational angular momentum, R. 
For all cases when A # 0, the states are doubly degenerate, corresponding to the two—
handedness of classical precession around the internuclear axis. The electronic energy 
levels are thus split into multiplets with each level corresponding to the solution of 
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7=T0 +AA 
Equation 3-4 
where T0 is the zero point energy level of the state (neglecting spin) and A is a constant 
for a given multiplet term. Neglecting centrifugal distortion, the rotational energy levels 
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Figure 3-1: Potential energy surfaces for the C 2 i, 	+ and X 2 1-1 states of SiF, 
calculated using the Rydberg - Klein - Rees technique. Lower panel is a magnification 
of the region of particular interest in this study. 
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Figure 3-2: Hund's coupling case (a) 
3.4.3 Hund's Coupling Case (b) 
Case (b) usually applies to states for which S # 0 or to other states with A # 0 in the 
limit of sufficiently large R, and is shown schematically in Figure 3-3. In this instance, 
where S#0, the spin vector, 5, is not coupled to the internuclear axis, and Q is not 
defined. Case (a) is, therefore, inapplicable, and an alternative description is required. 
The projection of the electronic orbital angular momentum, A, when A # 0, couples to 
R, to produce the resultant, N, the total angular momentum apart from spin. N can take 
values N=A, A+1, A+2,..., and couples with S to form J. This induces splitting of levels 
with equal N but different J. For 2  states, the rotational energy levels are given by 
F ((V)=Bzv  (IV  +l)+-yN 
Equation 3-6 
Chapter  : Spectroscopy of the SiFB 2 ! - X 2 11 andC 2 L -X 2 fl systems 	 54 
and 
F2 )=BN(N+1)—y (IV +1) 
Equation 3-7 
where F1 and F2 refer to J=N+112 and J=N-112 respectively, and y  is the spin splitting 
constant. 
For both Hund's cases described, the electronic states are labelled according to the 
convention 2S+1  A u . 
R 
j\N 
Figure 3-3: Hund's coupling case (b) 
3.4.4 A - type Doubling 
The two Hund's cases described above neglect the interaction between the nuclear 
rotation and electronic orbital angular momentum, L. As J increases, this effect must be 
taken into account, and results in a splitting of each J-level (actually a degenerate pair 
comprising ± L components) into a non-degenerate pair for all states for which A # 0. 
This is known as A - type doubling, and as stated, is generally only significant for high J 
Chapter 3 : Spectroscopy of the SiFB 2 	-X 2 fl and C 2 L -X 2 fl systems 	 55 
levels. 
3.4.5 Spin Uncoupling - The transition from Case (a) to Case (b) 
For multiplet states U, s,.. (i.e. A > 0), the coupling is frequently intermediate between 
case (a) and case (b). For small rotation, S is to the internuclear axis and hence coupled 
to A, resulting in a well defined Q. Case (a) is then a good description. However, if the 
multiplet splitting is not too great, as nuclear rotation increases, S becomes uncoupled 
from the internuclear axis, and instead couples to R, to produce the resultant J; this is as 
described by case (b) behaviour. 
Theoretical investigation by Hill and Van Vleck [37] resulted in expressions for the 
rotational term values for doublet states; these are 




F2(1)=B,[(+Y2)-A~ +Y214T+Y2f+Y(Y-4)A 	(+i)4 
Equation 3-9 
The constant, V is equal to 1B, , where A is a measure of the spin-orbit coupling. 
3.4.6 Coupling in the SiF radical 
It has been conclusively shown by Eyster [38] that the ground X 2 U state of SiF 
corresponds to Hund's coupling case (a) i.e. X 2111,2 3/2  and that the B state is well 
described as 2+  i.e. it fits the case (b) coupling scheme. The situation for the C state, 
however, is less well defined. Study of the C-X dispersed fluorescence spectrum by 
Appeiblad et al. [16] indicated some ambiguity in the magnitude of A, the spin-orbit 
splitting constant, and hence the coupling case. This arises due to coincidence between 
3/2 () and A5,2 () levels for all but the lowest J levels in the two particular cases A=0 
avö A=4B [22], which is apparent on examination of Equation 3-8 and Equation 3-9. 
Y=0 or Y=4; it is therefore impossible to derive whether A=O orA=4B. The energy level 
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manifolds arising from these two situations are illustrated in Figure 3-4, from which it is 
apparent that the only difference is in the position of the J=3/2 F1 level. Thus, it would 
be possible to deduce the splitting constant from experimental observation of features 
arising from these levels. However, the study by Appelbiad et al. showed that the 
relevant lines occurred in highly congested spectral regions [22] and, at the 
experimental resolution employed, could not be resolved to give a definite answer. Their 
study photographed the spectrum in third order after resolution by a 30ft spectrograph, 
and it was suggested that the problem could be resolved by a higher resolution study of 
the absorption spectrum of cold SiF, produced by flash photolysis. This method is 
analogous to a laser induced fluorescence study, and hence an attempt was made in this 
laboratory to determine the solution to this problem. 
As described in section 2.3.2, the laser system employed had the provision to fit an 
etalon within the dye laser oscillator cavity. This was intended to provide much 
narrowed excitation pulses to excite specific sharp features in the C-X spectrum i.e. to 
produce a high-resolution excitation spectrum. However, the etalon system was a very 
new feature in the manufacturer's range, and did not function at all satisfactorily despite 
extensive efforts on our behalf and elsewhere to resolve the technical problems. Due to 
the nature of an etalon, only short spectral regions (typically a few wavenumbers) can be 
scanned in one run. This meant that excitation scans with enough features to be 
confidently identified had to be composites of several shorter scans, which is only 
realistic if scan-to-scan stability is good. 
Function of the etalon was achieved through a process of 'teaching'. Before a scan could 
be attempted, the etalon had to be scanned across a shorter region. This allowed the 
controlling software to learn features which would permit constant output power across 
the wavelength range to be scanned. Poor mount stability of the etalon, however, 
required that this teaching be redone after every scan, with the result that wavelength 
reproducibility was poor. Further, the etalon control system developed a fault which 
resulted in more than one mode with different wavelengths being generated 
simultaneously. This was evident on observation of the diffraction pattern of the dye 
laser beam after passing through a second etalon; the bright, concentric ring pattern as 
expected being accompanied by one, or occasionally two, other series of less intense 
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concentric rings. Despite extensive effort to overcome these difficulties, including a 
manufacturer's redesign of the etalon mounting, no progress was made towards the 
system becoming routinely usable, and further high-resolution studies were therefore 
reluctantly abandoned. 
3.5 Rovibronic Transition Probabilities and Selection Rules 
Having established the energy level schemes which may apply to a diatomic system, it 
is now necessary to examine the relevant selection rules and transition probabilities. 
3.5.1 Selection Rules 
The selection rules applicable to transitions within a diatomic system are well known as 
[36]: 
• iJ=O, ±1 (with the exception J= 0 +-> J=O) 
• + 	+ -±- +, — -+- — (states of opposite parity are connected) 
• s 	)s, a( 	a, s —i--- a (for homonuclear diatomics) 
• g 	u, g (-+--g, u -4— u (for nuclei of equal charge) 
The above rules hold for all diatomic systems; in addition to these are two further rules 
which apply to states in Hund's case (a) and (b) for which A and S are defined: 
• LAO,±1 
• Ls=o 
Using these rules in conjunction with the previously determined energy structure allows 
construction of the expected spectrum of a given diatomic. For this thesis, the relevant 
states are the C, B and X states of SiF, and the remainder of this chapter will be 
concerned with the application of this theory to understand and interpret experimental 
spectral data. 
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Figure 3-4: Schematic energy levels for a 2  state in Hund's case (a) and (b). 
(i) Regular Hund's case (a) with A=4B 
(ii) Hund's case (b) with A=O. If y  is zero, no splitting between J=N±½ occurs. 
The negligible A-splitting has been ignored for both cases. 
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Rotational branches are labelled according to convention. A preceding superscript 
designates AN (for case (a), in which N is not a good quantum number for low J, this 
value is obtained by extrapolation from high J, where it is well defined), with the branch 
labelled principally according to L.J. A following subscript expresses the F 1 /F 2 
components in the upper and lower states, respectively; if both components are the 
same, this number is only written once. This gives rise to a typical label of the form, 
e.g., °P 12. This indicates a transition for which &V=-2 and LV=-1, which connects the F 1 
manifold in the upper state to F 2 in the lower state. Schematic representations of the 
B 2 X 2 [I and C 2 i X 2 111 systems, with the allowed transitions labelled, are 
shown in Figure 3-5 and Figure 3-6 respectively. 
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Figure 3-6:. Energy level diagram for the C 2 —* X 2 11 transition. 
For clarity, only transitions from the lower spin-orbit state of X 2 H (X2 ½) are shown; 
a further 12 branches from X 2 113,2 are possible, giving rise to a total of 24 branches. 
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3.5.2 Vibronic Transition Probabilities 





expresses the probability of spontaneous emission between an upper rovibronic state 
(v',J') and a lower state (v",J"), where is the rotational line strength, R ev (r) 
is the transition moment integral, and v is the transition frequency. In any real system, 
the total radiative rate is the sum of all individual , so that after a time, 
1 
= 	, the number of molecules remaining in level v' is reduced by the factor 
V . 
Ye 
If the experimental resolution is sufficiently low, i.e. for studies at the vibrationally 
resolved level, it is possible to ignore rotational effects as these are averaged over within 
a vibrational band: Equation 3-10 then simplifies to 
Av,
643t 4v3 
= 	Rev (r) 1 2 3h 
Equation 3-11 
The absolute vibrational transition probability can then be defined as 
Pvv• = {/ev (rIr 
Equation 3-12 
The transition moment integral Rev  is the integral over all electronic and vibrational co-
ordinates of the product of the upper and lower state vibronic wavefunctions and the 
electric dipole moment operator, i, 
- 	Rev = J 'F'e, iP "ev  dt ev 
Equation 3-13 
Within the Born-Oppenheimer approximation, the vibronic state wavefunctions are the 
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product of the vibrational and electronic wavefunctions, thus 1'ev may be expressed as 
the product of We  and Wi,. Equation 3-13 thus becomes 
	
Rev = JJh?e qi,, 	tT'v dt edr 
Equation 3-14 
where te  represents the electronic co-ordinates and r is the internuclear separation. 
Integration of Equation 3-14 over all electronic co-ordinates gives 
Rev  = J'T'v Re 'Pv "th 
Equation 3-15 
where Re is the electronic transition moment defined as 
Re  = JWe tlT1e 1 '1T e 
Equation 3-16 
The vibrational transitional probability is then given by 
Pvv" = I Wv Re )W v dr} 
Equation 3-17 
If the electronic transition moment function Re(r) happens to be independent of the 
internuclear distance, r, then the vibrational transition probability is directly 
proportional to the Franck-Condon Factor, which is the square of the vibrational 
wavef unction overlap 
qvv' = 
Equation 3-18 
The form of these vibrational wavefunctions may be calculated using the molecular 
potentials derived using the Rydberg-Klein-Rees procedure by solving the radial 
Schrodinger equation [39] 
8
2WJ +2 
%vJ U(rJ)vJ =0 45r 	h2 
Equation 3-19 
where E is the eigenvalue for the wavefunction W, and U(rJ)  is the molecular potential 
as a function of r and J. The vibrational transition probabilities were calculated by 
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solving Equation 3-19 using a program written by Lawley and Wheeler [401. Along 
with the molecular state potentials, the program required input of the form of the 
electronic transition dipole moment function. The program also provided a check on the 
accuracy of the RKR potentials as it output term values of the vibronic transitions and 
the values of pVV . The calculated values were found to be in good agreement with the 
observations from which the spectroscopic constants were derived. 
3.6 Established Laser Induced Fluorescence Excitation Spectra 
Previous study [1] had established the assignment and wavelength regions of the 
relevant states of SiF for this study, thus only a brief overview will be included here. 
3.6.1 Experimental Technique 
Apparatus as described in Chapter 2 was employed to collect excitation spectra. The SiF 
radicals were generated by combining flows of Argon (2slm) and a 10% mixture of SiF 4 
in Argon (50sccm) upstream of the discharge head. The mixture then passed through the 
microwave cavity, operating at -20 Watts, resulting in a plasma with deep violet 
emission. This produced a steady state pressure of around 1.4 Ton in the flow tube. 
Altering the argon pressure affected the amount of SiF present in the reaction zone 
(probably due to its effect as a buffer gas reducing recombination reactions on the 
flowtube walls), and therefore it was increased up to -5 Ton for experiments with low 
signal magnitude. The 10% mixture was prepared in advance in a 10 dm 3 Pyrex bulb 
using SiF4 (Union Carbide, 99.99% or Fluorochem 99.5%) and argon (BOC 99.99%), 
and left to equilibrate typically overnight. 
The scans were performed by setting the monochromator to detect the fluorescence at a 
fixed wavelength on a selected SiF emission band, as the dye laser was scanned across 
an appropriate wavelength region. The detection wavelength was chosen so that the 
laser scattered light signal was minimised, typically by recording fluorescence to the 
upper spin—orbit state after excitation from the lower. Laser pulse energies were 
generally maintained at levels insufficient to produce any obvious signs of optical 
saturation, as confirmed by the agreement between the experimental and simulated 
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spectra. 
For initial studies, only the C 2 i - X2 1-1 112(0,0) and B 2 	- X211 (0,0) bands were 
relevant, and these are shown in Figure 3-7 and Figure 3-8 respectively. The intense Q1 
and P 1 bandheads can easily be identified in Figure 4-7. The simulation shown for the 
B 2 y +_  X 211 (0,0) band uses rotational linestrengths calculated from expressions first 
derived by Earls [41]. Excellent agreement between the simulation and experimental 
result is obtained, confirming the band assignment. The corresponding C 2 A _ X2 1-1112 
(0,0) simulation (not shown) indicates no spectral overlap with other bands which may 
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252.6 	 252.8 	 253.0 	 253.2 
Excitation Wavelength / nm 
Figure 3-7: C2i. - X21J ½ (0,0) LIF excitation spectrum. Experimentally observed 
spectrum, laser pulse energy 0.5mJ within an -6x3 mm spot size. 
C,) 
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287.4 	287.6 	287.8 	288.0 	288.2 
Excitation Wavelength / tim 
Figure 3-8: LIF excitation spectrum of the B 2 (v'=O) - X211 (v"=O)sub—band. 
Experimentally observed spectrum using '0.5mJ laser power in -6x3 mm spot size. 
Simulation assuming 300K thermal rotational distribution and 0.5cm 1 bandwidth. 
Chapter 3: Spectroscopy of the SiFB 2 	-X 2 11 and C 2 .A -X 2 11 systems 	 67 
3.7 Established Dispersed Fluorescence Spectra 
Having characterised the excitation spectra of the required band systems, it was now 
possible to progress to dispersed fluorescence measurements. Previous investigation [1] 
had been undertaken at a quantitative level into the vibronic transition probabilities for 
the relevant bands in this study, so again only a summary of the salient details will be 
included here. 
3.7.1 Experimental Technique 
The spectra were obtained in a complimentary manner to the previous LIF 
measurements. The laser was now held at a fixed wavelength to excite a specific feature 
within the desired band, and the monochromator scanned across the required emission 
region. In this way, a wavelength—resolved profile of the fluorescent emission is 
recorded. For all cases, the laser was tuned to excite the Q1 bandhead of the desired 
transition; this, being the most intense feature, produced maximum signal intensity. 
Further enhancement of signal magnitude was achieved by maximising the laser power, 
as optical saturation was no longer a consideration. For all experiments, the 
monochromator slits were set at 0.5mm, resulting in spectral resolution of 0.4nm. 
3.8 B 2 —X2 H Emission Spectra 
Previous investigation [1,21 has examined the spectroscopy of the B2 y I (v' =0-5) - 
X2 
1111231 (v"=0-12) emission bands, so what follows is a summarised reproduction of 
the relevant details. 
As can be seen from the representative B2 11  (v' =0) - X2 ]F',,2,312 (v") dispersed 
fluorescence spectrum shown in Figure 3-9, all peaks appear as doublets, due to the 
spin—orbit splitting in the ground state. The transition is also noted to be significantly 
non—diagonal, as indicated by the extent of the vibrational progression. The Re (r) 
function is found to be constant across the region investigated (r 1.40 - 1.75 A). 
Spectral intensities were well reproduced using this function, with Franck-Condon 
Factors agreeing with previously published values [42]. 
The dominant electronic configurations of the X 2 H and B 2 + states of SiF are well 
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established [10,16,26,27,31,32], and are directly related to the analogous states of SiCl 
which have also been investigated previously in this laboratory [43,44].The 
configurations are 
X 2 1-1 	 (lo ...7(j)' (13t2,t) 4 (35t)' 
B 2 	 (10 ... 7o)'(1t2t) 4 (4s(y)' 
with the B 2 + state being the first member of a Rydberg series with the odd electron 
occupying what is predominantly the Si 4s orbital [45]. The B 2 1 + - X 2 II transition 
therefore involves transfer of an electron between the 3t and 4sa orbitals. Linear 
combination of atomic orbitals (LCAO) [36] and more rigorous theory [45] predict that 
the 33t orbital is weakly anti-bonding, and primarily associated with the Si atom. The 
4sG and lit orbitals are both therefore centred on the Si atom, and thus the overlap 
between them is unlikely to be affected by the internuclear separation; this implies a 
relatively invariant Re (r) function. This reasoning also suggests that the transition will 
be strongly allowed, similar to a pure Si 3p - 4s transition, with a correspondingly short 
lifetime of :!~ iOns. This agrees with the experimentally measured lifetime of :! ~ iOns, 
which is instrumentally limited. 
3.9 CL —X2 H Emission Spectra 
As for the B - X system, the derived Franck-Condon Factors calculated were in good 
agreement with previously published values [46]. However, the derived vibrational 
transition probabilities, p , and Franck-Condon Factors, q v v ,, do not agree. A• 
quadratic form of Re(r)  which steeply declined with increasing r was found to give best 
fit to the experimental data. The function used is of the form 
R. (r) =i+a(r—r')+(r—r'Y 
Equation 3-20 
where r '=1.58 A is the approximate midpoint of the range of r probed. Values of a = - 
6.46 A' and j3=+8.14 A 2 were found to be optimum, resulting in an Re(r)  function 
which decreases 4—fold between the inner and outer turning points of C 2 1X v '=1. The 
data are too restricted to speculate on the behaviour outwith the probed region. 
Again, the derived form of R,/r) may by understood by consideration of the electronic 
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configuration of the states involved. The C 2 L state is [22,30,45,47] primarily described 
by the valence configuration (lo.. .6 0) 2  (70)1 (13t23t)4 (3502.  C - X transfer therefore 
involves transfer from the 3t to 7o orbital. From LCAO theory, the 7s orbital has a 
major contribution from the fluorine 2p atomic orbital. Transfer during transition 
therefore occurs between orbitals centred on different atoms, with the resultant large 
decrease in overlap as the internuclear separation, r, increases. This is also in agreement 
with the much longer C'A state radiative lifetime, which will be seen in Chapter 5 to be 
lOOns. 
3.10 New Excitation and Fluorescence Spectra 
Having established the basics of the known spectroscopy involved in this study, the 
novel spectra required for this study will now be addressed. The polarisation 
experiments which were the ultimate aim of this thesis recorded collisionally produced 
B—X (0,0) emission. The laser system used, however, could not produce the 
wavelengths necessary for direct excitation of this region without extensive 
reconfiguration. Thus, an excitation spectrum of the band closest to this and within the 
laser system limits was desired for initial analysis. These investigations were conducted 
in an manner similar to that described previously to obtain LIF excitation and dispersed 
fluorescence emission spectra. Because of the unknown nature of the region being 
studied, initial observation was based on opening the monochromator slits to a 
reasonable width to allow maximum detection efficiency whilst avoiding scattered light 
signals, and scanning the laser across a wavelength region. Iterative adjustments of the 
laser wavelength and monochromator bandpass were made until a definite feature was 
established, then a conventional excitation scan performed. Once an acceptable 
excitation scan had been recorded, the laser was fixed at the wavelength of the most 
intense feature and a dispersed fluorescence scan was run. This allowed confirmation of 
spectral assignment. As these were exploratory scans, rather than data collection for 
comprehensive spectroscopic analysis, not all.possible bands were recorded. 
Typical scan conditions were 0.5mJ laser power in a -6x3 mm spot size and 1.5 Torr 
argon stable flowtube pressure, with excitation scans recorded at a monochromator 
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resolution of 1.2nm (m 1.5mm slit width) and dispersed fluorescence scans having 
0.6nm or 0.4nm resolution (m 0.75 or 0.5mm slit width, respectively) dependent on 
signal intensity. 
The excitation spectra produced are shown in Figure 3-10 to Figure 3-14, illustrating the 
B 2 —X2 J.J (3,0), (4,0), (4,1), (5,1), (5,2) and (6,3) bands. Also shown, in Figure 3-
15 to Figure 3-20, are the corresponding dispersed fluorescence spectra obtained on 
pumping various intense features in the excitation spectra. These aid the unambiguous 
assignment of the excitation spectra by comparison with previously obtained data. All 
Figures also show simulations for comparison, produced in the same way as those in the 
Section 3.9. The excitation spectra with both spin—orbit states shown are composites of 
separate scans across each individual band, and have therefore had the intensity ratio 
between the two scans altered to provide the best possible agreement with the 
simulation. 
3.11 Conclusions 
From the spectra presented in this Chapter, two main conclusions may be drawn. 
Laser induced fluorescence excitation spectra have facilitated unambiguous assignment 
of transitions to identified excited rovibronic states of SiF. Thus, the production of 
desired individual states for spectroscopic and energy transfer studies by wavelength—
selective excitation and detection has been shown to be possible. Further, the two 
electronic states of particular interest in the following energy transfer experiments, the 
C 2 A and B 2 +, have been shown to be sufficiently spectroscopically separated to allow 
excitation and detection of only the desired state. 
The B—X (3,0) band was successfully recorded, allowing progression to polarisation 
studies to be made. Novel spectra, obtained for the first time in this laboratory, are fitted 
well by constants derived in previous investigation. This extends the validity of those 
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240 260 280 300 320 340 
Fluorescence wavelength / tim 
Figure 3-9: B 2 y  + (v' =0) - X 2 fl (v") dispersed fluorescence emission spectrum. 	The 
upper trace is the experimentally produced spectrum and the lower is a simulation 
produced using Franck-Condon Factors derived with a constant Re(r)  function. The 
assumed bandwidth is 0.3nm. Excitation at the B 2E, 1 bandhead is indicated by the 
vertical arrow; detection of this region was not attempted to avoid scattered laser light. 
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261 	 262 	 263 
Dye Laser Wavelength / nm 
Figure 3-10: B 2 	- x2 iii (3,0) excitation spectrum. (a) Simulation produced as 
described in text, laser bandwidth=0.5cm 1 . (b) Experimental. The extra feature at 
-262.6nm is the (3,0) 29Si isotope peak, confirmed by excitation and detection of 
subsequent fluorescence. 
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255.5 	256.0 	256.5 	257.0 
Dye Laser Wavelength / nm 
Figure 3-11: B 2 1 - X2 II (4,0) excitation spectrum. (a) Simulation (as Figure 3-10). 
(b) Experimental. The feature at 256.2nm is assigned as the (5,1) band. Assignment of 
these bands is confirmed by the dispersed fluorescence spectra in Figure 3-16. 





262.75 	263.00 	263.25 	263.50 
Dye Laser Wavelength / nm 
Figure 3-12: B 2 	—X 2 11 (4,1) excitation spectrum. (a) Simulation (as Figure 3-9). (b) 
Experimental. The extra feature at 263.4nm is unassigned, the dispersed fluorescence 
spectrum being unlike any other SiF band. The (4,1) assignment was confirmed by the 
fluorescence spectrum in Figure 3-17. 
I 
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261.25 	261.50 	261.75 	262.00 
Dye Laser Wavelength / nm 
Figure 3-13: B 2 	- X2 11 (5,2) excitation spectrum. (a) Simulation (as Figure 3-9). (b) 
Experimental. Assignments were confirmed by the dispersed fluorescence spectrum 
shown in Figure 3-19 







Dye Laser Wavelength / nm 
Figure 3-14: B 2 	- x2 [I (6,3) excitation spectrum. (a) Simulation (as Figure 3-9). (b) 
Experimental. Assignment confirmed by the dispersed fluorescence spectrum shown in 
Figure 3-20. 
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B2r - x211112 (b) 
EQ B2 - X2 	(c) 1/2 
37Si isotope peak 
B2 - X211 	
(d) 
312 
280 	300 	320 	340 
Fluorescence Wavelength / nm 
Figure 3-15: Dispersed fluorescence spectra following excitation of the B 2 y , - 
(3,0) transition. (a) Simulation. (b) Fluorescence following excitation from X 2 [I 1/2; 
(c) Fluorescence following excitation of 375i isotope peak from X 2 11 1/2;  (d) 
Fluorescence following excitation from X 2 II 3/2 




Fluorescence Wavelength / nm 
Figure 3-16: Dispersed fluorescence spectra following excitation of the B 2  Y-+ _X2  LI 
(4,0) transition. (a) Simulation. (b) Fluorescence following excitation from X 2 IT 1/2; (c) 
Fluorescence following excitation from X 2 II 3/2 
I 
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Fluorescence Wavelength / nm 
Figure 3-17: Dispersed fluorescence spectra following excitation of the B 2 + - X 2 [11 
(4,1) transition. (a) Simulation performed as for previous spectra. (b) Fluorescence 
following excitation from X2 rj 1/2 
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260 	 :[III 
Fluorescence Wavelength / nm 
Figure 3-18: Dispersed fluorescence spectra following excitation of the B 2 	- x2 fl 
(4,2) transition. (a) Simulation performed as for previous spectra. (b) Fluorescence 
following excitation from X 2 fl 1/2 
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I (a) 
2II 	 [III 	 II] 
Fluorescence Wavelength / nm 
Figure 3-19 Dispersed fluorescence spectra following excitation of the B 2 	—X 2 1[T 
(5,1) transition. (a) Simulation performed as for previous spectra; (b) Fluorescence 
following excitation from X 2 fl 3/2 





260 	280 	300 	320 	340 
Fluorescence Wavelength / nm 
Figure 3-20 Dispersed fluorescence spectra following excitation of the B ' Y-+ _X2  LI 
(6,3) transition. (a) Simulation performed as for previous spectra. (b) Fluorescence 
following excitation from X 2 II 3/2 
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Chapter 4 
Production of Distinct Initial 
CA State Rotational Distributions 
4.1 Introduction 
To be able to draw valid conclusions on the effect of initial rotational excitation on the 
quenching and transfer behaviour of the SiF C 2 L - B 2 E system, it is essential to be 
confident that the directly excited state distribution is correctly described. That is, we 
must first be certain that the initial state can be prepared in a quantum level—specific 
fashion, and that any description is valid at the time immediately preceding the transfer 
event. Without this, no meaningful information may be derived from the collisionally 
produced results. 
The main complicating factor to be considered is rotational relaxation within the C 2 
state which may occur prior to the interstate transfer event. This will have the effect of 
modifying the initial rotational distribution from the desired sharp, well-defined contour 
to a broader, more thermal distribution and will hence lower the quality of the data 
which may be obtained. 
4.2 Excitation techniques 
Two primary approaches were employed to produce initial C2A state rotational 
distributions, contrasting in the state—specific quality of the distribution obtained and 
conversely in the expected signal magnitude. Both required laser excitation of specific 
features within the C2 A -X 2  112 (0,0) excitation spectrum, a typical example of which 
is shown in Figure 4-1 with all rotational branches labelled. 
Preliminary investigations were carried out by pumping the Q1 and P 1 bandheads of the 
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C 2 -X2 fl 112  (0,0) system, as indicated by the arrows in Figure 4-1. These features 
provide greatest available signal intensity and are therefore ideal for performing simple 
initial investigations. The drawback of using such features is the spread of rotational 
levels which are necessarily directly populated; this therefore reduces the quality of the 
data obtained. The Q1 bandhead forms at J' 11.5, resulting in an initial population 
distribution over the levels J' 10.5 - 15.5, whilst the P 1 bandhead forms at J' 34.5, 
leading to a distribution spanning J' 32.5 - 38.5. As can be seen in Figure 4-1, 
pumping the Q1 bandhead will also excite lines in the Qp21 branch, and as discussed 
previously, these two branches are virtually resonant when Q1(J') = Qp21 (J'-l). 
Excitation of the Q1 bandhead will therefore populate C 2 i 312 (f=10.5 - 15.5) and 
c2 A 512 (J'=9.5 - 14.5), with a predicted population ratio of the spin-orbit states F1 : F2 
of -3:1 from rotational linestrength calculations as described in Chapter 3. This ratio 
was reduced in practice by maximising the laser power and hence enhancing the F2 state 
population through optical saturation. 
Having conducted preliminary investigations on signals of relatively large magnitude to 
determine optimum experimental parameters, it was possible to proceed to more highly 
resolved, and consequently less simple, measurements. Subsequent experiments were 
carried out with greater rotational specificity by exploiting the individual resolved lines 
found in the P 1  branch, as illustrated in Figure 4-2 by vertical arrows. These promoted 
population directly into C2 A3,2 J'=4.5, 8.5, 13.5 and 16.5, thus hopefully providing 
sharper initial rotational distributions. 
To permit accurate characterisation of the directly excited rotational distributions, it was 
necessary to detect the C 2 -X2 III (0,0) fluorescence with high wavelength resolution. 
To achieve this whilst avoiding excessive scattered pump laser light, excitation was on 
the C 2 - X2 11 112 (0,0) band, with fluorescence monitored on the C 2   - X 2 111 312 
(0,0) band. These bands are separated by the X 2 U spin-orbit splitting of around mm at 
this wavelength. 
4.3 Simulation Technique 
The programs described previously in Chapter 3 allowed iterative fits to the 
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experimental spectra, and hence estimates of the rotational population distribution to be 
obtained. The detailed production of a simulated spectrum was achieved in four parts. 
An initial program [1] used published [2] spectroscopic constants to produce a stick 
spectrum, consisting of only line positions and rotational line strength data. Generation 
of a simulation required the convolution of this data with a population distribution. This 
program required input of a form of the rotational distribution for each spin—doublet 
state of C 2 & together with a ratio F1:F2 corresponding to the ratio of population 
between the two. The two spin-doublet states may have different rotational distributions 
from spectroscopic considerations. Depending on which feature is exploited in the 
excitation step, population may be either directly promoted into a manifold, or 
populated only by collisional transfer, or both. Thus, to accurately model experimental 
conditions requires a distinct distribution for each spin—doublet manifold. A final 
simulation was then produced through convolution of this spectrum with an 
instrumental resolution function (taken to be Gaussian), and conversion from 
wavenumbers to nanometres. Initial distribution estimates were based on thermal 
distributions, with alterations performed until satisfactory agreement was obtained. 
Closeness of fit between the experimental and simulated spectra was estimated by eye. 
4.4 Determination of C' A Rotational Distributions 
Figure 4-3 shows the dispersed C 2 i.—X 2 U 312 (0,0) fluorescence spectra obtained on 
direct excitation of the Q1 and P 1 bandheads, together with simulations produced as 
described above. Figure 4-4 shows the corresponding spectra produced subsequent to 
pumping the individual P 1 (J') lines as described above, again with simulated spectra 
also shown. Experimental conditions were -1.4 Tórr Ar, 0.5 Ton H 2 and trace 
(-lmTorr) SiF4 . 
It is immediately apparent from the direct fluorescence spectra shown that distinct 
rotational distributions can be formed within the C2A  state. An obvious difference is 
evident between the two wavelength-resolved C 2 i - X22 fl 312 fluorescent emission 
spectra after excitation of the C2A Q1 and P 1 bandheads. This is carried through to those 
spectra recorded after P 1 line excitation. It may also be seen, in the case of the individual 
line excitation, that the shape of the fluorescence profile changes from a relatively 
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indistinct single peak to a three-peaked profile similar to that obtained on P 1 bandhead 
pumping. Inspection of Figure 4-1 indicates the main P 1 and R 1 branches progress in 
opposite directions with increasing J', thus as the initially excited level is increased, it is 
to be expected that the spectra formed should show a divergence into three distinct 
peaks, with the Q branch remaining approximately in the middle. Thus, it is 
immediately apparent that at least some retention of the directly excited distribution 
occurs on a timescale comparable to that for transfer-inducing collisions, and in a 
manner which is readily understood. 
The best—fit rotational distributions for the head-pumping investigations are shown in 
Figure 4-5, with the more refined individual line excitation distributions shown in 
Figure 4-6 All were produced using the method described in section 4.3. Also shown for 
comparison in Figure 4-7 are several curves corresponding to Boltzmann distributions at 
different temperatures of population within the initial C 2 A directly excited state. It is 
immediately apparent that the rotational distributions are significantly non—thermalised 
i.e. they cannot be described by a single temperature. 
4.5 Discussion 
The most obvious initial conclusion which may be drawn is that the derived population 
distributions, for excitation of the both the bandheads and individual lines, are not 
thermal. Excitation of individual features within the C 2 A 112  - X2 [I band does indeed 
lead to specific, distinct rotational distributions being retained on a timescale 
comparable to that for interstate collisional transfer. Typical gas pressures are 1.5 Ton 
Ar and 1 Ton H2, resulting in approximately 1 gas kinetic collision occurring within 
the experimental timescale. Those corresponding to bandhead excitation are 
significantly broader than those obtained on single line excitation, as expected. Q 1—head 
excitation leads to a distribution centred around J ' =11.5, compared to a theoretical 
value of 11.5, whilst P 1—head pumping produces maximum population in J ' =29.5, 
against a predicted value of 34.5. Both distributions, whilst not entirely unrelaxed, are 
non—thermal. Some relaxed population must be included to account for spectral 
intensity in the outer limits of the profile, with the central plateau region in the P 1 —
spectrum being related to the spin—orbit ratio. 
Chapter 4: Production of Distinct Initial C2A  State Rotational Distributions 	 89 
The discrepancy between the P 1—head predicted and experimental values may be related 
to the congested nature of the spectrum in this region. Experimentally, determination of 
the exact head was difficult due to the extended nature of the feature, with the exact J' 
value for peak formation also being temperature—dependent. Slight inaccuracies in laser 
wavelength, or variations in gas temperature, could therefore explain the discrepancies 
between the prepared distributions and those that were expected. This was occasionally 
evident in an excitation spectrum, which would show a P 1 —head with an indistinct, 
sloping red edge. Another feature which may account for these discrepancies became 
apparent while simulating the highest P line C 2 E state spectrum. The predicted 
underlying line in the returning branch was found to be J'=58.5, against a predicted 
value of 54.5. This was attributed to slight discrepancies between the published 
constants used [2] and the experimentally determined values, although this was not 
investigated further. 
More detailed insights may be obtained from analysis of the single—line experiments. 
These should allow more refined, less extended distributions to be produced. 
Comparison of Figure 4-6 with Figure 4-5 indeed reveals this to be the case. The 
modelled distributions show a sharp peak at the level selected for excitation, indicating 
both the successful excitation of the desired line, and the retention of a significant 
proportion of the population within this level. 
C 2 state rotational levels are subject to spin—splitting into F1 and F2 levels, which 
would correspond to either the 23,2  and 25,2 manifolds of a Hund's case (a) state, or to 
the J=N ± 1/2 levels for Hund's case (b) behaviour (as discussed in Chapter 3, the 
particular case has not been conclusively established for SiF C' A ). Population of the F2 
state can only occur through collisional transfer as the excitation is on a pure P 1 (J') 
transition and so does not access the F2 state directly. If there were no collisional 
transfer between the F1 and F2 manifolds, the 2 - 2113,2 emission spectra as shown in 
Figure 4-4 would consist of only 3 branches; QR12, PQ12 and °P 12. However, the 
experimental spectra could only be simulated with the inclusion of the R21 Q2 and P2 
branches, which originate exclusively from the collisionally populated F2 manifold. In 
the simulation process, each manifold had an individually variable rotational population 
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distribution, with a weighting factor accounting for non—equal population partitioning 
between the manifolds. Previous investigation [311 used an identical distribution for both 
manifolds, resulting in less accurate simulations. 
Figure 4-6 shows the distribution of only the F1 spin—doublet state. The form of the 
distribution within the F2 manifold was found to be identical to that of the F1 spin—
doublet state, without the peak corresponding to the excited P 1 (J') level. No benefit was 
gained from altering the distribution in the F2 manifold from that of the F1 (apart from 
the removal of the sharp feature). The ratio of population in each of the two spin doublet 
manifolds was slightly dependent on the rotational level excited; the relevant values are 
presented in Table 4-1. Thus, it may be concluded that the rotationally—relaxing 
collisions are relatively efficient at promoting spin—doublet change, with a large 
percentage of population being transferred into the non—directly excited manifold. A 
systematic investigation of this propensity for apparent spin—doublet retention has not 
been undertaken. Also shown, in Figure 4-7 are several thermal (Boltzmann) population 
distributions. It is immediately apparent that these are distinctly different from the 
derived distributions, and that the excited population is therefore not significantly 
thermalised. 
For the experiments involving excitation of P 1 (16.5), it was found that the spectrum 
could not be adequately simulated without inclusion of 5% of the population in a much 
higher J' around 58.5. This is due to the accidental overlap of the returning P 1 branch 
which underlies the desired line at the excitation wavelength. This level is responsible 
for the small feature visible at 253.75nm in Figure 4-4 (d), and highlights the problem 
of selective J' excitation beyond the attempted region. For subsequent numerical 
analysis, the population in this high J feature is ignored. A useful statistical quantity 
which was used in later Chapters is the J level below which 95% of the population was 
found. This is a reasonable statistical value, and allowed for the slight ambiguity in 
defining the highest levels populated whilst performing the simulations. 
Chapter 4: Production of Distinct Initial C 2 / State Rotational Distributions 	 91 
f(J') (a) f(J) (b) F1:F2 (c) 
4.5 36.9 28.7 42:58 
8.5 37.9 27.0 58:42 
13.5 43.7 33.3 50:50 
16.5 49.8 37.3 61:39 
Table 4-1: Values derived from rotational population distributions for C A P 1 (J') line 
excitation. (a) Percentage of population remaining in excited J' level considering only 
the F1 state; (b) Percentage of population remaining in excited J' level considering both 
the F1 and F2 states; (c) Ratio of the two spin—orbit component populations 
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A signal gate of 630ns was used to record these spectra. This would capture the entire 
fluorescence profile, and this is what was analysed to produce the distributions 
discussed in this chapter. This significantly exceeds the lOOns zero—pressure lifetime of 
the C state (see Chapter 5). The average number of hard sphere collisions may be 
determined from the measured fluorescence lifetime under typical experimental 
conditions. 
Preliminary investigation into the time evolution of the rotational distribution was also 
undertaken, through the recording of a series of spectra in gates to longer delay. 
Qualitative analysis of these spectra at longer time showed slightly increased 
proportions of population to have undergone rotational redistribution. However, as the 
total quenching rates for the colliders studied are relatively high, removal from the C 
state occurs at a rate comparable to that for inelastic transfer. Thus, increase in the 
pressure of an effective quencher (such as H 2) has the effect of reducing the effective C 
state lifetime, as will be discussed in Chapter 5, and therefore reduces the average 
number of inelastic collisions. Future re—investigation of rotational dependence may be 
enhanced through the use of gated profiles, as this would allow even better defined 
initial distributions to be obtained. 
The fraction of population remaining within the excited J' level increases with J' when 
considering only the directly prepared spin doublet and also when considering both the 
F1 and F2 manifolds. This may be rationalised by considering the energy levels involved. 
Rotational energy increases as J2 , hence as J' increases, the rotational levels become 
increasingly separated. Thus, transfer between neighbouring levels becomes less 
energetically favourable, with a corresponding decrease in probability. This is reflected 
in the values obtained for retention of population in the directly excited rotational level. 
4.6 Conclusions 
This chapter has confirmed the possibility of the production of distinct C 2   state 
rotational population distributions through the selective excitation of individual 
rotational lines. The distributions are subject to some collisional relaxation from the 
single component distributions which should be directly prepared in the optical 
excitation step, but they remain sufficiently to investigate the rotational dependence of 




Chapter 4: Production of Distinct Initial C 2 / State Rotational Distributions 	 93 
rg 
252.6 	252.8 	253.0 	253.2 
Fluorescence Wavelength / nm 











































xpansion of the P
1 -branch region of the C
2  - X
211
112  (0,0) system
 
show
n on in F
igure 4-1. 
Chapter 4: Production of Distinct Initial C'A State Rotational Distributions 	 95 
253.50 	253.75 	254.00 	254.25 
Fluorescence wavelength / nm 
Figure 4-3: Dispersed C2 _ X2 [1 3 , 2 (0,0) fluorescence spectra produced after 
excitation of (a) Q 1 -head and (b) P 1 -head. In both cases, (i) experimental result 
(ii) simulation produced as described in text. Typical experimental conditions were 1.4 
Torr Ar, 0.5 Torr H 2 and trace (' lmTorr) SiF4. 
i~ 
I 
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253.5 	 254.0 
Fluorescence Wavelength / nm 
Figure 4-4: C 2 - X2 11 3/2 (0,0) excitation spectra produced after P 1 -line pumping 	(a) 
J'=3.5 (b) J'=8.5 (c) J'=13.5 (d) J'=16.5. Experimental conditions as for Figure 4-1. 
Simulation assumes a bandwidth of 4.2 cm' 
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J, 
Figure 4-5: Modelled C 2 L rotational distributions obtained from CA (0,0) excitation 
spectra. (a) Q1 bandhead pumping (b) P 1 bandhead pumping 
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Figure 4-6: Derived C 2 A F1  rotational distributions following excitation of (a) J'=3.5 
(b) J'=8.5 (c) J'=13.5 (d) J' =16.5 lines within the P 1 branch. The P distributions have 
been omitted for clarity as described in the text. 
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Figure 4-7: Thermal (Boltzmann) distributions for C'A state rotational population. 
(0) 300K (0)1000K (0) 3000K 
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Chapter 5 
Rotational Dependence of SiF CA Quenching 
5.1 Introduction 
Results based on the effects of initial rotational excitation may be made only after 
verification of initial state preparatory techniques. Results obtained in the previous 
chapter verified that preparation of distinct, well characterised C'A state rotational 
distributions is possible. Thus, we may progress to discussion of rotationally—dependent 
parameters. The first, and simplest, of those to be discussed is the effect of varying the 
initial rotational excitation within the SiF C2A state on the observed total removal rate. 
This, as described in greater detail later in this chapter, provides a probe into the 
geometry of the collision process. 
Previous investigation into the effect of initial rotation on quenching rates had been 
undertaken [1], but subsequent upgrading of the experimental apparatus means that a 
more in-depth re-investigation was worthwhile. The two main factors which will 
determine the accuracy of any measurement made of this dependence are how well the 
initial rotational quantum level can be defined, and how accurately pressures can be 
determined. The laser system in this investigation provided a smaller bandwidth pulse at 
the excitation wavelengths used than the previously employed model, thus allowing 
greater selectivity of the chosen pumping line in the relatively congested region close to 
the P 1 -head. A new pumping system provided much greater pressure stability, with 
:50.002 Ton variation in total flow system pressure over the duration of a typical 
measurement (after allowing sufficient time for all flows into the system to stabilise), 
than was previously attainable. Thus, any new results are of higher quality and more 
reliable than those previously obtained. 
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5.2 Previous Results 
A preliminary study [1] of the dependence of the quenching rate on the degree of 
rotational excitation has been performed previously in this laboratory. Excitation within 
the P 1 —branch was used to produce C'A state with J '=2.5, 11.5 and 32.5-38.5, whilst a 
weak SR21  line allowed population of J '=48.5. As discussed below, analysis using 
exponential fits permitted the construction of first order decay rate, k, against quencher 
pressure, PQ , plots, and hence the determination of the radiative lifetime and the total 
quenching rate constant, kQ . 
This study found Ar caused little, if any, quenching, and so the necessary presence of Ar 
as a carrier gas in all experiments could be neglected. Investigation into the C 2 A , v'=O 
state lifetimes found a significant increase in the lifetime with increasing rotational 
quantum number. No dependence of quenching rates on the degree of initial rotational 
excitation was found for either quenchers (1 -12 and N2) within experimental error. 
However, pressure fluctuations meant these errors were large, and may easily obscure 
an underlying effect. Further, and possibly more critically, the method of partial 
pressure determination employed in this investigation was inaccurate, leading to large 
systematic errors in the results obtained; this is discussed in greater detail in Section 5.4. 
Typical errors were between 5% and 20%, with the greatest uncertainties occurring for 
the highest rotational lines, where any effect would tend to be most marked. The 
magnitude of any rotational dependence was not expected to be very large, and thus it 
was concluded that a real effect would be masked by the uncertainties present in the 
previous investigation. It was concluded that, whilst some insight had been gained, the 
subject was worthy of reinvestigation if increased precision was available. 
5.3 Development of Model for Waveform Analysis 
Previous quenching studies in this laboratory [1, 	21 have analysed the data from a 
simple 	viewpoint. To 	derive rate 	constants from recorded 	fluorescence 	decay 
waveforms, the peaking and initial decay (-20-40 ns) were chopped out of the 
fluorescence intensity dataset and a single exponential decay fitted to the remaining 
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data. This is illustrated in Figure 5-1. For this study, as the quality of the data available 
was increased, a more complex model was developed to allowing fitting to the entire 
recorded waveform to increase the accuracy of the kinetic parameters thus deduced. An 
outline of this development follows. 
If the experimental excitation and detection systems were infinitely fast, the recorded 
signal at time, t, would be a pure exponential decay, F 	= f0 e ,as shown in 
Figure 5-2 (a). However, with a real instrumental response function, r(t), a non-
instantaneous response is produced. 
Combination of these two functions results in a detected signal, S(t), which is a 
convolution of F(t) and r(t) i.e. 
S(t) = J r(tt)F(t_t 1 )dt? 
Equation 5-1 
where t' =0 is an arbitrary time origin, the position of which is relatively unimportant so 
M 
Tiiye/ns 
Figure 5-1: Representative synthetic waveform showing (0) discarded data (U) region 
fitted to single exponential decay. The vertical line indicates the boundary between 
discarded and analysed data. 
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long as it is prior to the excitation pulse, and t=O is conveniently chosen as the peak of 
the excitation pulse, as illustrated in Figure 5-2 (b). For our purposes, F(t-t') is an 
exponential decay, and hence 
S(t)= 
Equation 5-2 
If the response function can be well approximated by an analytical form, it may be 
possible to simplify the deconvolution process to recover k through the use of an 
analytical expression for the overall convolution. Figure 5-2 (c) shows a typical 
scattered light spike using our apparatus, i.e. a measurement of r(t'). This is the result of 
direct detection of the excitation laser pulse, allowing an estimate of the excitation 
function, convoluted with the finite response time of the detection system. Also shown 
is a fit to this using a Gaussian pulse, i.e. 
—2 (t' —t) 
g(t')=e 
Equation 5-3 
Substituting g(t')=r(t') into our previous expression, Equation 5-2, gives 
—2(t—t0 —z) 2 
S(t')= Jae b2 	edz 
z=O 
Equation 5-4 
where t'= time of signal relative to fixed (arbitrary) origin 
a = scaling factor 
to = centre of gaussian excitation function 
b = width of gaussian excitation function 
k = exponential decay rate constant 
z = variable of integration = t-t'. 
L 





Figure 5-2: Schematic illustrations of the analysis details. (a) pure single exponential decay 
produced by infinitely fast excitation pulse and detection system; (b) realistically shaped 
excitation pulse centred around t=O; (c) recorded scattered laser light signal and fit to 
Gaussian pulse 
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This integral has the analytical solution [31 
S(t) =ce 	 J2 (t—to —k ~12))))  
Equation 5-5 
where erf(x) is the error function [31, 
erf(x) ==Je2dw 
Equation 5-6 
c is another scaling constant, and all other variables are as previously defined. The 
gaussian fit to the scattered light signal is represents a convolution of the excitation 
pulse profile with the PMT response time and the analogue bandwidths of the 
preamplifier and transient digitiser as previously discussed. Equation 5-5 may then be 
expressed within ORIGINTM [41, and used to fit the whole recorded dataset. A typical 
example of a recorded waveform is shown in Figure 5-4, with the best fit derived using 
non—linear least squares fit [5] to Equation 5-5 shown as a solid line. It can be seen that 
the expression successfully reproduces the recorded data, including the rising edge. 
Further, consistent values were obtained for all non-constrained parameters i.e. the 
width and centre time of the gaussian pulse for all measurements, and reproducible 
values for rate constants measured under identical conditions on different occasions. 
Independent measurement of only the scattered light signal, as shown in Figure 5-5, 
confirmed that the values of 20ns for the gaussian excitation pulse width obtained from 
fitting the whole trace were comparable to the independently measured values, and 
therefore the convolution expression was robust. 
Fits using this expanded fitting method could, however, be accomplished in 2 distinct 
ways. From the independent measurements of the scattered laser light, the 
characteristics of the gaussian pulse were known, and it was therefore possible to 
constrain these within the fitting procedure. Initially, all fits were carried out using both 
this and an unconstrained fit, where all parameters were variable within the fitting 
algorithm. As a further check, the standard 'chopped exponential' fit was also 
performed on each dataset. As will be seen in the following sections, the constrained 
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and unconstrained expanded fits gave similar results, whilst the exponential fit resulted 
in consistently lower values (by 10%) for the decay rate constant. 
5.4 Partial Pressure Calibration 
Accurate calibration of partial pressures within the flow system was a particular 
problem. Previously, these were determined through independent measurement of the 
separate gas pressures immediately prior to and subsequent to the recording of the 
fluorescence decay trace. Values for each partial pressure with all gases flowing were 
then obtained from the ratio of each individual pressure to the total (summed) pressure 
multiplied by the observed total experimental pressure. However, it was found that the 
pumping efficiency was highly dependent on the nature of the gas being pumped, and 
that this method therefore introduced large systematic errors. These were evident in the 
non—linear rate constant versus quencher pressure graph which were previously 
obtained. Thus, an alternative method was devised to overcome this limitation on the 
quality of the data obtainable. 
To be possible, independent calibration of the measured flow tube pressure against a 
well—defined, easily reproducible quantity was required. This was most easily 
performed by determining the time taken for a given pressure drop to occur within a 
fixed volume for all the required gases; pure Ar (because of the low concentration of 
SiF4  in the reactant mixture when performing actual fluorescence experiments, this was 
omitted from the calibration measurements for economic and safety reasons) and the 
quencher gases H 2 and N 2 . 
The required apparatus is shown schematically in Figure 5-3. A thoroughly flushed 
lecture bottle was connected to a standard gas cylinder containing the desired gas 
through a T-piece. The other side of this outlet was connected, via a brass needle valve 
to the flow tube. The lecture bottle was filled from the larger cylinder and sealed. The 
lecture bottle outlet valve was then opened, and the brass tap adjusted to give the desired 
flow tube pressure. A stopwatch was then used to measure the time taken for a fixed 
pressure drop to occur in the bottle (as measured on a low pressure, —1 —3 +2 bar, output 
gauge). This procedure was repeated for the range of flow tube pressures used in the 
quenching experiments, and for both the quencher gases. This allowed the construction 
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of a series of graphs of inverse time (defined as tdmp) for the fixed pressure drop 
(equivalent to a flow rate) versus measured flow tube pressure, as shown in Figure 5-6 
to 5-7. 
A polynomial quadratic fit was made to relate the observed discretely measured flow 
tube pressure, robs'  to a correct flow rate. This had the general form 
f =a+b bS +cF S +dF S 
Equation 5-7 





	 Low Pressure 
from cylinder 
	 to flow tube 
Lecture bottle 
Figure 5-3: Schematic representation of the apparatus used in the pressure calibration 
experiments. 
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Gas a b c d 
Argon —0.003609 0.007935 1.445 x iO 0 
Hydrogen —6.167 x iO 0.007001 4.3371 X iO 0 
Nitrogen —4.0491 x 10 0.003892 0.001581 —2.7979 X iO 
Table 5-1: Coefficients from the polynomial fit to Equation 5-7 for flow data for the 
three relevant gases. 
These flow rates could then be used to determine the true partial pressure through use of 
the expression 
PQ = fQ  xF 0 
fQ + fAr 
Equation 5-8 
where PQ is the true quencher gas partial pressure, 
fQ  is the quencher gas flow rate, calculated from the observed pressure with only 
the quencher flowing 
fAr is the carrier gas / SiF 4  flow rate, calculated from the observed pressure with 
only the Ar/SiF4 mixture flowing 
P is the observed total flow tube pressure with both gases flowing during an 
experiment. 
5.5 Rotational dependence of C 2 L quenching 
Distinct initial rotational distributions, as discussed in Chapter 4, were produced by 
excitation of the P 1  lines as shown in Figure 5-9. These accessed J' values of 2.5, 11.5 
and 21.5, which probed a rotational energy range from -5 to -280 cm. 
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Time /ns 
Figure 5-4: Plot showing a typical SiF4 fluorescence decay waveform (0) with 
analytical fit to the entire dataset (solid line) using expression as described in Equation 
5-5. Conditions are 1.4 Ton Ar, 0.25 Ton H2, trace SiF4, with excitation at the P 1 
I 
Time/ns 
Figure 5-5: Trace of excitation laser scattered light signal in the absence of any 
fluorescence. Values obtained from the Gaussian fit shown as a dotted line are centre 
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r ri 4 
Observed Flowtube Pressure / Torr 
Figure 5-6: Flow versus observed flow tube pressure for argon. Flow rates derived from 
pressure drop measurements as described in the text, with dotted line indicating fit using 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Observed Flowtube Pressure / Ton 
Figure 5-7: Flow versus observed flow tube pressure for hydrogen. 
Flow rates are derived as detailed in the text with dotted line indicating fit using 
parameters as given in Table 5-1. 
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Figure 5-8: Flow versus observed flow tube pressure for nitrogen. Flow rates derived as 




Chapter 5: Rotational Dependence of SiF C 2 L State Quenching 	 113 
Figure 5-10 illustrates a comparison of the k values obtained on using the different 
analysis methods described above for excitation of PV '=12.5) in the presence of 
hydrogen, with the numerical results summarised in Table 5-2. It can be seen that the 
full Gaussian—exponential fit gives similar results regardless of whether the Gaussian 
pulse width, b, is constrained or not, and both achieve a high goodness of fit to the 
experimental data. As indicated previously, the values obtained for b also agree with 
those obtained from fitting a Gaussian function to the scattered light signal. For the 
constrained fit, this was set to 20ns, whilst the unconstrained fits returned values 
typically around 20-25ns. The exponential fit, however, returned much less satisfactory 
results. The goodness of fit was reduced from the full analysis, and derived quenching 
rate constants, indicated by the slope of the k vs. P Q graph, were lower by approximately 
10%. It was thus concluded that a full, Gaussian—exponential fit with all parameters 
unconstrained gave the most reliable and accurate derived values, and hence was used as 
the method of choice. All data presented subsequently have been analysed in this way. 
Fit Method Radiative Lifetime, T ad / ns kQ / ns' Torr 1 
Constrained full 123.6 (7.2) 0.02603 (0.0010) 
Unconstrained full 130.4 (8.5) 0.0264 (0.0011) 
Exponential 98.6 (11.4) 0.02462 (0.0024) 
Table 5-2: Numerical results obtained on varying the fit method used for the analysis of 
H2 quenching data following excitation of P(J=12.5). 
The results of linear least—squares fits to the quenching data for the different rotational 
levels and quenchers are shown in Figure 5-11 to Figure 5-13. Each shows the decay 
rate constant, k, obtained from an unconstrained fit to the entire dataset, plotted against 
the corrected quencher gas partial pressure, PQ . From these, the J—specific total 
quenching rate constants, kQ , may be obtained through use of 
k=7' +kF  
rad 
Equation 5-9 
where _rrad  is the radiative lifetime, which is also (in principle) J—dependent. 
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The kQ values shown in Table 5-2 of -1O molec 1 cm3s are of similar magnitude to the 
gas kinetic rate constant of 10_8  molec 1 cm3s'. This implies that the quenching process 
is relatively facile, and that most collisions result in removal of population from the 
excited state. 
5.6 Discussion and Interpretation of Quenching Rotational 
Dependence 
The values of the radiative lifetimes obtained from Figure 5-11 to Figure 5-13 are 
shown in Table 5-3. The most reliable estimate of the zero pressure radiative lifetime is 
obtained from the Ar results, as these are least affected by pressure dependencies. The 
calculated lifetime of 102 ± 5ns is only marginally longer than the previously reported 
(non—J specific) value of 94 ± 2ns [1].  Comparison of the current data with previous 
versions illustrates a much improved correlation of fit to linear behaviour of k with 
pressure, indicating more reliable data may be derived. Statistical estimates of error 
values have increased over the previous measurements, but it is believed that the 
previous investigation suffered from greater systematic error due to incorrect pressure 
calibration, leading to fortuitously more precise, but less accurate, results. 
The zero pressure radiative lifetime is found to be essentially independent of J. All 
values obtained (for all J5 and gases) lie within 2a error limits, with an overall weighted 
average of 106 ± 7 ns when all results are considered. 





Fluorescence Wavelength / rim 
Figure 5-9: Partial C 2 - X2 11 (0,0) LIF excitation spectrum. Individual P 1 lines 
pumped in rotational dependence of quenching experiments are indicated by the vertical 
arrows, along with the upper state J' values. 
The values for kQj  and the corresponding thermally averaged quenching cross sections, 
[61, are presented in Table 5-4, along with the values obtained in the previous 
investigation undertaken in this laboratory [1].  It can be seen that, as well as improving 
on the precision of the derived values, the dataset has been extended to include higher 
J's. Whilst these results are a probe of rotationally dependent behaviour, some rotational 
relaxation has occurred (as described in the previous chapter), and hence this 
dependence cannot be determined with complete precision. This effect may be of 
sufficient magnitude to obscure a weak J dependence, but it is not believed that this 
accounts for the observation of no quenching dependence on rotational excitation. As 
-40% of the population remains in the directly excited rotational level (see Section 4.5), 
it is assumed that the derivation of rotationally—dependent quenching behaviour is 
possible. 
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The kQJ  values differ from the previously published, non rotationally—selective values 
[7] for H2 and N2. This is believed to be due to the recalibration of the flow 
characteristics of the system, which has resulted in increased accuracy of the current 
results. This increased precision has also allowed derivation of a quenching rate 
constant for Ar, which was previously unobtainable. The value obtained, 2 orders of 
magnitude less than those for the efficient quenchers (H 2 and N2) was sufficiently small 
as to be negligible when in analysing the data for the other quenchers. 
This apparent non—dependence of the C'A state quenching on the initial rotational level 
provides some insight into the dynamics of the quenching process. If the quencher—
excited species interaction was governed by an anisotropic, attractive potential, the 
molecular orientation would have an effect on the quenching efficiency. Approach of 
the quenching species can occur at all angles relative to the excited state diatomic, and 
hence 
at all angles relative to any minima on the intermolecular PES. These minima provide 
the most energetically favourable pathway, and therefore lead to the largest quenching 
rates at a specific angle of approach. Increased rotation of the diatomic would tend to 
'smear out' this preferred orientation, leading to an observed decrease in quenching 
Quencher C 2 	J' trad (ns) (a) trad (2s) (b) 
Ar 2.5 102 (5) 92 (3) 
11.5 102 (2) 91 (5) 
H2 2.5 112 (13) - 
11.5 124 (13) - 
21.5 104 (12) - 
N2 2.5 118 (20) - 
11.5 108(9) - 
21.5 105 (14) - 
Table 5-3: Radiative lifetimes for SiF C' A , v '=0, J'. (a) this work; (b) previous study 
[1]. Values in parentheses are 2G error values. See text for details. 
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OQ/A 2 Icl cy/A 
Ar 2.5 0.54 (0.38) (e) 1.36 (0.95) (e) 
11.5 0.45 (0.18) (e) 1.13 (0.45) (e) 
H2 2.5 72.8 (4.6) 67 (22) 41.3 (2.6) 38 (12) 
11.5 80.3 (3.0) 83 (22) 45.5 (1.7) 47 (12) 
21.5 74.8 (3.2) (f) 42.4 (1.8) (1) 
N2 2.5 41.4 (3.8) 11.6 (3.5) 25.2 (2.3) 19 (6) 
11.5 40.0(1.6) 9.7(2.1) 24.4(1.0) 16(3) 
21.5 36.2 (2.2) (f) 22.1 (1.3) (f) 
Table 5-4: Rate constants and thermally averaged cross sections for total removal after 
excitation of SiF C' A312 v '=0, J'. Values in parentheses are 2(y error values. 
(a) Total quenching rate constant, this work; (b) Total quenching rate constant, previous 
work [1]; (c) Thermally averaged cross section, this work; (d) Thermally averaged cross 
section, previous work [1]; (e) no measurable quenching for Ar; (f) not measured. 
efficiency with increased initial rotation. Complex formation as an intermediary step in 
the quenching process would show a similar dependence, as this will also governed by 
anisotropic attractive forces. Thus, our observation of little or no dependence of 
quenching on rotational excitation infers no preferred collisional geometry. This is 
consistent with previous mechanistic conclusions for this system, which were of a 
sudden, hard-sphere-like collision event. This will be discussed in greater detail in 
Chapter 8. 
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o unconstrained fit 
o constrained fit 
exponential fit 
linear regression on unconstrained fit data 
linear regression on constrained fit data 
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Figure 5-10: Decay rate constant versus quenching gas pressure plot to illustrate values 
obtained by differing analysis methods. Experimental conditions were excitation of 
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Argon Partial Pressure / Torr 
Figure 5-11: Observed fluorescence decay rate constant, k, vs. quencher partial pressure 
for argon following C 2 (v '=0) excitation. 
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Figure 5-12: Observed fluorescence decay rate constant, k, vs. quencher partial pressure 
for hydrogen following C 2  (v '=0) excitation. All measurements were performed with 
a carrier gas Ar pressure of 1.4 Ton. 
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Figure 5-13: Observed fluorescence decay rate constant, k, vs. quencher partial pressure 
for nitrogen following C 2 A (v '=0) excitation. All measurements were performed with 
a carrier gas Ar pressure of 1.4 Toff . 
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Chapter 6 
Rotational Propensities 
in Collision Induced 
C 2 L—B 2 
Electronic Energy Transfer 
6.1 Introduction 
Initial investigations into SiF collisional transfer behaviour in this laboratory indicated 
the predominant transfer channels were those for which zv=O [1].  Transfer therefore 
occurs over surprisingly large vibronic energy gaps of 5000 cm 1 , raising the question 
of where this excess energy is partitioned to. 
Investigation in this laboratory has previously probed the dependence of vibronic 
branching on the initial rotational distribution [2].  This utilised excitation of the P 1 and 
Q1 bandheads of the C'A state to produce initial rotational population distributions 
centred around 11.5 and 34.5, as discussed in Chapter 4, and found negligible effect on 
the final state vibrational distributions. These necessarily broad distributions may be 
used to probe product state rotational distributions propensities following transfer in a 
relatively straightforward but relatively unresolved manner, as they provide distinct 
initial distributions with high signal intensity, thus simplifying initial experiments. 
Results based on these investigations will be presented in the Section 6.3. 
At higher resolution, the individual P 1 lines discussed in Chapter 4 may also be used in 
this type of study to gain more detailed insight into the transfer event, at the penalty of 
much reduced signal magnitudes. Experiments of this type are also described in Section 
6.3. 
Chapter 6: Rotational Dependence of Interstate C 2 A - 2 + Collisional Transfer 	 124 
6.2 Experimental Details 
These experiments were performed in essentially the same manner as the rotational 
dependence of the quenching rate investigations as described in Chapter 5, with some 
small but significant differences. Initial rotational population distributions were 
produced by direct laser excitation of a specific transition on the C 2 A - X 2 H band of 
SiF in the presence of H 2 collider. Fluorescence from the collisionally populated 
2 
state was wavelength resolved and recorded after amplification and digitisation. 
The resultant dispersed fluorescence profiles are simulated using a similar procedure to 
that for the C2A simulations produced previously; see Section 4.3. One significant 
difference was that both spin—doublet manifolds are assumed to be equally populated 
i.e. the F1:F2  ratio is assumed to be unity. Rotational population distributions were 
adjusted from thermal starting 'guestimates' until a best fit by eye was achieved. 
6.3 Dispersed B 2 + —X2 H Fluorescence Spectra 
Using excitation of the P 1 and Q1 bandheads results in production of initial distributions 
as shown as solid circles in Figure 6-1, as discussed in Chapter 4. Upon collision with 
H21  the resultant B—X fluorescence may be recorded at sufficiently high resolution to 
determine at least the contour of the B state rotational population. As the B state lifetime 
of !!~ lOns [3] is at least an order of magnitude shorter than that of the C state (-iO6ns as 
determined in this study), fluorescence is effectively instantaneous, and so no collisional 
redistribution within the product state can occur. The resultant fluorescent spectra are 
shown in Figure 6-2, with the derived distributions shown in Figure 6-1. 
B—X spectra obtained following excitation of individual P 1 lines as illustrated in Figure 
4-2 are shown in Figure 6-3, with the derived rotational population distributions 
presented in Figure 6-4. These spectra, although still noisy, required extensive signal 
collection and averaging to obtain. Long-term instabilities in laser wavelength and 
flowtube pressures meant 1 scan with high averaging was not practical, thus these 
spectra were composed from the addition of several shorter scans. Each represents the 
averaging of around 6 individual scans, with each scan being composed from 40 shots 
per point. Thus, each presented spectrum is the product of -4 hours of signal collection. 
Chapter 6: Rotational Dependence of Interstate C 2 - 2 + Collisional Transfer 	 125 
The relevant C2 A state distributions from Chapter 4 are also included in this Figure to 
ease comparison. 
Properties of the distributions obtained in both the C and B states are summarised 
numerically in Table 6-1. Because of the spectral resolution and signal to noise ratios 
obtained, it was not possible to derive a conclusive, unique distribution to model the 
experimental data. The location of the maximum of the distribution and its upper limit 
(signals from which merge with the limiting noise) are subject to some flexibility. 
However, the general form of the distributions is well determined, with the B state 
distributions definitely very much broader than the initial C state distribution, as may be 
seen from comparison of the spectra in of the spectra in Figure 6-3 (b). The dotted line 
indicates the spectrum that would be obtained if the transfer followed a&=0 propensity 
i.e. the initial and final rotational distributions were the same. It is evident that this is a 
very poor fit to the experimental result. 
The values obtained following excitation of the bandheads are necessarily less well 
established than those from individual line excitation, and consequently the numerical 
analysis of these results is to be less relied upon due to the greater uncertainties 
involved. It can be seen, however, that good agreement between the datasets is achieved 
despite this factor, which would indicate that the current results may be considered as 
correct. 




Figure 6-1: SiF B 21,  v'=O rotational population distributions derived from the spectra 
in Figure 6-2. Closed circles are initial C2 A state distributions from Figure 4-5. (a) Q1 
excitation; (b) P 1 excitation; (z) 11 2 ; () N2 collider 
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Figure 6-2: SiF B—X (0,0) fluorescence spectra following collision of C2 A v'=O with (a) 
and (b) H2 ; (c) N2 . Excitation of (a) and (c) Q1 bandhead resulting in a distribution 
centred on J- 11.5, (b) P 1 bandhead resulting inJ-34.5. In all cases, (i) experimental (ii) 
best fit simulation derived as described in the text and using the distributions as shown 
in Figure 6-1. 
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Figure 6-3: B—X (0,0) dispersed fluorescence spectra following C 2 v'=Ostate 
excitation in the presence of H 2 . In all cases, thin line is experimental result, wide line is 
simulation using distributions as shown in Figure 6-4. Dotted line in (b) illustrates 
spectrum which would be obtained in B state distribution remained the same as the 
initial C state distribution. (a) J=3.5 (b) J=8.5 (c) J=13.5 (d) J=16.5 Experimental 





0 	20 	40 	60 	80 
0 	20 	40 	60 	80 
Chapter 6: Rotational Dependence of Interstate C 2 E - B 2 	Collisional Transfer 	 129 
Final rotational state 
Figure 6-4: Upper panel: C2A state rotational distributions following P 1 line excitation 
from spectra in Figure 4-6. Lower panel: Derived collisionally produced 	v'=O 
state rotational distributions following C state excitation in the presence of H 2 	J=3.5 
(0) J=8.5 (0) J=13.5 () J=18.5 
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j(a) (b) j(d) j(e) 
4.5 24.9 17.3 56.5 39 
8.5 26.9 17.0 59.5 41 
13.5 28.4 15.6 61.5 42 
16.5 30.2 14.9w 64.5 44 (9' 
12.5w 27.5 15 61.5 37 
25.5 ° 35.5 10 73.5 35 
Table 6-1: Characteristics of the SiFB 2y,  v=0 rotational state distribution produced in 
collisions of C 2 (v=0,J) with H 2 . (a) initial C 2 A F, rotational level directly populated; 
(b) Average B 21, .  v=0 rotational quantum number; (c) Average change in J on transfer 
between C and B states i.e. <àJ> = <J'>—<J>; (d) the value of J' below which 95% of 
the population is found; (e) the difference between J defined as in (d) for the C and B 
states i.e. 	ma"max' (f) from head excitation (g) neglecting the high J component 
of the F1 distribution as discussed in Chapter 4. 
A correlation can be seen between the experimental B—X spectra and the relevant initial 
C state distribution. The ratio of the major to minor heads in Figure 6-3 varies with 
initial rotational excitation . These heads, the (Q 1+P21) and P 1 in the 
2+_ 2111,2  sub—
band, and (P 2+Q12) and °P 12 in the 2+_ 2113,2 sub—band, form at different rotational 
levels, with the P 1 and °P, 2 heads forming at J- 19.5 compared to J-6.5 for the others. 
Thus, a change in the ratio indicates a shift in the population from low to medium J, 
consistent with the derived distributions as shown in Figure 6-4 and the properties of the 
distributions in Table 6-1. 
6.4 Interpretation and Modelling of Results 
Because of the large number of parameters upon which the final distribution is 
dependent, modelling a unique solution is unrealistic. Geometric distributions, including 
the angle and position of the collision on the ellipsoid surface, are convoluted with a 
velocity distribution for both colliders to produce a highly complex final distribution 
dependence, which cannot be uniquely defined. However, a more general, but still 
realistic distribution may be obtained through detailed consideration of the systems and 
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processes involved. The most important aspect of the results so far is the high degree of 
rotational excitation of the product, which contradicts the usual z.J-0 propensities 
observed in state—changing collisions [4].  A simple kinematic picture of the SiF - H 2 
system highlights the extremity of this observation. Neglecting initial translational and 
rotational motion of the collision pair, the energy release on C 2 A - 2 (0-0) transfer 
is 5000cm 1 , as illustrated in Figure 3-1. Considering first both partners as spherical, 
an impulse acting between the masses of SiF and H 2 requires that the H 2 molecule 
should removeof the available energy. The remaining -200cm' is not nearly 
,749 
sufficient to allow population of the observed rotational levels, even if it were all 
converted to rotation. 
However, considering the SiF molecule as spherical is not realistic due to the 
asymmetry of the atoms within the diatomic. A hard ellipsoid shape may be a more 
valid approximation, allowing for the difference between the Si and F ends of the 
molecule. For collisions with non—zero impact parameters relative to the centre of mass, 
some limiting perpendicular geometries result in the H 2 diatom receiving an impulse 
from only one end of the SiF molecule. If this were the lighter F end of the SiF 
molecule, rotational motion would be optimised, and result in -500cm 1 of product state 
SiF rotation. However, this is still much less than that necessary to populate the 
observed J levels. 
Thus, it is apparent that repulsive interaction between the SiF and H 2 molecules based 
on over simplified kinematic arguments cannot explain the experimental results. A more 
refined model has therefore been developed, as will be described below, which predicts 
maximum product rotational levels. This model includes three sources of product state 
angular momentum: 
addition of the initial rotational angular momentum, J 
conversion of linear momentum of the collision pair to final angular momentum, J' 
conversion of the electronic energy released on transfer, AE, to J' 
The problem of rotational state—changing collisions within a single electronic state is 
well known for situations where there is no additional energy release to be considered 
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[5]. Using this as a basis for our model, we treat the SiF molecule as a 'hard—shape' and 
the collision partner as a' 'hard—sphere'. For each point on the hard—shape perimeter, 
there is an extrapolated normal which, in general, does not pass through the centre of 
mass. The perpendicular distance from this normal to the centre of mass defines the 
lever arm, denoted as the effective impact parameter, b, through which the torque 
imparted by an impulse on the perimeter acts. If it is assumed that the electronic energy 
release and the conversion of linear to angular momentum occur at the same instant, i.e. 
at the moment of electronic state change, then the same value of b applies to both 
processes. We define the maximum value of b to be bm . 
The maximum change in rotational state, '_m' will occur when the initial angular 
momentum vector, J, is perpendicular to the plane containing the SiF internuclear axis 
and the point of contact, and the linear angular momentum, p, is along the surface 
normal. This is illustrated in Figure 6-5. This implies the initial orbital, 1, and rotational, 
J, angular momentum vectors are parallel prior to collision. Subsequent to the collision, 
J' remains parallel to J, but has significantly increased in magnitude. For a rebound 
collision, p' is anti—parallel to p and hence allows the conservation of angular 
momentum. 
Mathematically, this may be expressed as follows. The system must conserve both 
energy 
p 2 h 2j 2 	p'2 h 2j'2 
2x 	21 2t 	21 
Equation 6-1 
and angular momentum 
hJ+Pbmax hfP' max 
Equation 6-2 
respectively. The symbol t represents the reduced mass of the collision pair and I is the 
moment of inertia. A quadratic expression for A.J may be obtained through the 
elimination of p' in Equation 6-2 by use of Equation 6-1 and the relationship J'=J+ 
LJmax. 
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where ii  is defined as 
Ti 
Equation 6-4 





The principal unknown quantity in this type of model is the value of b. McCaffery 
and co—workers [6,7] have extensively developed a model of rotational energy transfer 
within single electronic states of homonuclear diatomics, and have consistently found 
that bm  has a physically reasonable value of close to half the homonuclear bond length. 
For our purposes, we are of the opinion that bm  is correspondingly unlikely to exceed 
the distance between the F nucleus and the SiF centre of mass in the C2 A , v=O level, i.e. 
bm :~ O•92A• 
Taking this value for bm , Figure 6-6 illustrates the f—dependent contributions to 
from the above—listed sources. The mass parameters are all specific to the SiF - H2 
system, except for the uppermost trace which is for SiF - N2 as discussed below. The 
lowest trace illustrates the scenario of no rovibronic energy release i.e.AE--O, with the 
relative collision velocity taken to be the thermal average at 300K, <v rej>=1820ms. 
Reflecting the non—linear relationship between rotational quantum number and energy 
i.e. the variation of energy as J2, these 	values decline approximately linearly with 
J. 
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Q 
Figure 6-5: Schematic representation of the geometric relationship between the initial 
rotational and linear momenta which will result in greatest product state rotation as 
detailed in the text. 
The solid line plots represent SiF - 112 collisions with LE=4816cm 1 , the actual 
difference between the v=O levels of SiF C 2 A and B 
2 + The effect of varying the 
collision velocity, Vre/ is illustrated by calculating for multiples of the thermal 
average value, <Vrei>• The values of max from this value of AE with no initial linear 
momentum are much larger than those forAE-O, and decline less rapidly with 
increasing J. As expected, increasing the initial relative velocity produces proportional 
increases in with 1 to J' conversion resulting in an approximately linear increase 
on top of the weakly f—dependent rotation resulting from only AE. 
The values obtained from these calculations are evidently much larger than those from 
the simplified kinematic considerations above. Rationalisation of this is possible 
through consideration of the frames in which motion may occur. Collisions which lead 
to maximum product state rotation have the F atom initially receding from the 
approaching H 2  collider due to the initial rotation of the SiF in the laboratory frame. 
After collision, the recoiling H 2  is moving rapidly relative to the F atom, but when 
viewed in the laboratory frame, is moving relatively more slowly. Thus, less energy is 
partitioned into relative translation than may be expected from the simple picture 
initially proposed. 
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Despite the previously discussed difficulties in defining an upper limit of the final 
rotational levels populated, values of 40 are required to be accounted for. (see 
Table 6-1) to simulate the experimental result. It is therefore evident that only the higher 
multiples of <Vre > are able to produce such a result; one, two and three times <vre,>are 
exceeded in 60%, 4% and 0.01% of collisions, respectively (including the velocity—
related weighting of collisional frequency). The experimentally observed upper 
values may therefore just be achieved within the high velocity tail of a thermal sample. 
Agreement could be improved through use of increased b values. However, we 
believe that significantly larger values cannot be physically justified, despite the 
approximately linear increase in LJm which this would afford. 
The suddenness of the interaction and maximum value for bm  which we have assumed 
will lead to upper limits on the calculated value of jmar•  Therefore, this ability of the 
limiting model to only just explain the experimental indicates that, despite any 
limitations of the current model, the interaction between the SiF and H 2 at the instant of 
the collision—induced electronic transfer is very strongly repulsive. Further, to impart 
this maximum torque, at least some collisions must occur via bent geometries. This 
impulsive release model is also supported by the observation that N 2 produces greater 
product state rotational excitation than H 2 , as illustrated in Figure 6-2. Using Equation 
6-3 for calculation on the SiF - N 2  system results in the values indicated by the 
uppermost plot in Figure 6-6, when taking a thermal average collision velocity of 
602ms 1 and a bm  of 0.92 A. The experimentally observed of -50 are adequately 
explained by these calculations. However, treating N 2 as a 'hard—sphere' is less valid an 
approximation than for H 2. H2  has a low moment of inertia, and hence large rotational 
constant, and is therefore unable to remove a high percentage of angular momentum 
after the collision has occurred. This does not apply to N 2, but the homonuclear N 2 
diatomic should appear substantially less electronically anisotropic than the SiF 
collision partner, resulting in less rotational excitation in the collision event. Thus, we 
believe treating N 2  as a 'hard—sphere' for the purpose of our model is reasonably valid. 
Thus, it appears that the current experimental results may be interpreted as indicating a 
strongly repulsive interaction as the dominant collisional force. Further interpretation 
Chapter 6: Rotational Dependence of Interstate C 2 E - 2 + Collisional Transfer 	 136 
and development of the model will be undertaken in Chapter 8. 
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Figure 6-6: Predicted maximum changes in rotational state, 'm'  as a function of the 
initial SiF rotational level, J, using an impulsive model as described in the text. In all 
cases b,,, =0.92 A. (a) N 21  E=4816cm 1 , Vrei =602 ms =< Vrei> (b) - (e) H 2 
LE=4816cm <vrei>=1820ms 1 (b) Vrei =3<vre/>; (c) Vrei =2<vrel>; (d) Vrei =<v rei>; (e) Vrei 
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Chapter 7 
Polarisation Studies 
of SiF C 2 z—B 2 
Collision Induced 
Electronic Energy Transfer 
7.1 Introduction 
The preceding chapter was concerned with the analysis of wavelength—resolved LIF 
emission spectra to determine rotational population distributions as a consequence of a 
collisional encounter between an excited state diatomic and a quencher molecule. More 
refined experiments utilising polarisation—resolved detection will be described in this 
chapter, which effects a probe of the product state molecular alignment. This is of 
interest because, as discussed previously, the highest collisionally populated rotational 
levels can only be explained by addition of the initial rotation to that imparted in the 
collision. Thus, it is to be expected that fluorescence at the regions corresponding to 
these highest final rotational levels would show a positive correlation with the 
polarisation of the initially excited fluorescence. 
The measurements discussed in the preceding chapters detected the fluorescent emission 
from an electronically excited state which had been created by the absorption of a laser 
photon. lithe exciting laser is polarised, the resultant fluorescence will in general be 
polarised also. This occurs because, in the absorption step, those molecules having a 
transition dipole parallel to the laser beam polarisation vector at the instant the photon is 
absorbed are preferentially excited. Depending on the nature of the transition, this dipole 
may be either parallel or perpendicular to the symmetry axes of the molecule. Thus, the 
excited state molecules have a definite spatial orientation determined relative to the laser 
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polarisation direction. By the same argument, fluorescent emission from the initially 
prepared molecules will therefore also be polarised. Two specific situations have to be 
assessed prior to any measurement relating to collisionally produced fluorescence, both 
requiring direct excitation. If it can be shown that directly excited emission is polarised 
for the state which is to be initially prepared, then progression is possible. The next step 
is to determine whether the state which is collisionally populated in the transfer 
measurements can be produced in a polarised manner via direct excitation. Only then 
can the polarisation—resolved detection of collisionally produced fluorescent emission 
be attempted. This will allow insight into the dynamics of the transfer event. 
7.2 Polarisation Theory 
Figure 7-1 defines the co-ordinate system and parameters required for a quantitative 
description of polarisation measurement. The laser beam, polarised along z, propagates 
in the x direction, and excites fluorescence in the diatomic located at the origin. 
Fluorescent emission is detected along they axis, and may have a polarisation vector 
with components along z (defined as ') and x ('u ). The degree of polarisation is then 
defined conventionally [1] as the ratio 
P= - 
IJ_ + I // 
Equation 7-1 
This co-ordinate system has a quantisation axis parallel to the polarisation vector of the 
laser, and therefore all emissions have polarisations which may be defined as 
combinations of I and 
This description has implicitly regarded the absorption—fluorescence process as 
instantaneous. In an LIF experiment, the fluorescence is produced after a finite time and, 
in the case of interstate transfer experiments, after a collisional encounter. Thus, several 
processes are occurring prior to the desired fluorescent emission, all of which will 
reduce the observed degree of polarisation. The first of these, which will be present in 
all experiments, is due to rotation of the molecule during its time in the excited state. 
Given a typical rotational period of 10 11 s and an excited state lifetime of around lOOns, 
-4000 rotations of the molecular axis occur in the excited state, thereby altering the 
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spatial distribution. However, the total angular momentum J and its projection onto an 
external axis mj  are good quantum numbers (see Chapter 3). The molecular axis (and 
hence the transition dipole) precesses about J during the rotation in the molecule—fixed 
space, resulting in retention of a fraction of the initially prepared orientation. Because 
the good quantum number m describes the orientation of J with respect to the 
laboratory frame, the molecular orientation is also preserved in the external reference 
frame. Thus, a percentage (always <100%) of the degree of orientation at the instant of 
initial absorption molecules will be retained. 
Before calculation of the limits of P which may be obtained, the various processes 
which serve to reduce the observable polarisation will be considered. There are 4 main 
contributions to this, each with a corresponding rate: 
elastic depolarising collisions, which change mj but not J 	 rate D 
rotationally inelastic collisions which may change mj, or J, or both 	 rate R 
quenching collisions, which transfer population from the excited state of interest 
to some other state 
	 rate Q 
transfer to other vibrational levels of the same 
electronically excited state 
	 rate V 
For polarisation studies of directly prepared molecules, the important factor is the 
relationship between D and (Q+ V+R), assuming interest is only in the initially prepared 
state. In the limit D>>Q+ V+R, many depolarising collisions occur when the molecule is 
in the initially excited J level, and hence any observed fluorescence would be largely 
unpolarised. However, if D<<Q+ V+R, those molecules which do emit a photon will 
not have undergone any collisional depolarisation prior to emission and hence the 
degree of polarisation will be the same as that in the collisionless limit. 
F1owtuu RA 
etector 
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Laser 
Figure 7-1: Diagram illustrating the geometry required for investigation and analysis of 
polarisation effects. Double headed arrows indicate polarisation vectors. E is the 
excitation laser polarisation vector, I,, is the fluorescence intensity parallel to Ea,  and I 
is the fluorescence intensity perpendicular to Ea  
Experiments to probe fluorescence from the products of quenching collisions with 
polarisation resolution will be further complicated as the above description strictly 
applies only to directly excited emission. For our purposes, the collisional transfer 
investigations must be preceded by preliminary investigations into the polarisation 
retention propensities of both states involved. If the measurements are to allow effects 
due to the collision event to be inferred, we must first be confident of the independent 




Figure 7-2: Schematic representation of the states involved in a collisional process. The 
initial state is i, the intermediate e and the final state,f. 
behaviour of the two states involved. The next section will deal with more rigorous 
quantitative theory of polarisation measurements, with the results following from 
section 7.6 onwards. 
7.3 Quantitative Theory of Polarisation 
A simple schematic representation of the states involved is shown in Figure 7-2. The 
initial state is designated i, the intermediate state e, and the final (collisionally produced) 
statef. 
The probability of absorbing a photon depends on the square of the projection of the 
electric vector of the light, Ea  onto the transition dipole moment of the molecule, vie ,  
from the initial to intermediate states, 
=Ea ie2 
Equation 7-2 
The probability of emitting a photon of a given polarisation depends on the projection of 
the detected light polarisation ,E, onto the transition dipole moment of the molecule, 
from intermediate to final states, 




For a perpendicular electronic band (i.e. EA=±1, specifically —U and s—H), t lies 
perpendicular to the molecular axis in all cases. A distinction is that for a Q—branch, .t 
is parallel to J and perpendicular to the internuclear axis, r, whilst for P and R-branches, 
t is perpendicular to J and perpendicular to r. The degree of polarisation of emission is 
characterised by two (equivalent and easily related) measures, P and R, defined as 
P = - 	 R = - il 
 
	
L+Iii I+ 21 ii 
Equation 7-4 






R may be considered as the more fundamental measure, because it is the degree of 
anisotropy relative to an isotropic sample (which, from geometric considerations, has a 
total fluorescence intensity of I,+2J). It is more directly related to the physical basis of 
the problem, which is the angle, y, between i e  and tep  This relationship may be defined 
as [1, plZl] 
2 ~P 	2 (P A 	A 
Equation 7-6 
where <> indicates the expectation value i.e. the average over many rotational periods 
of an excited state molecule, P2 is a second order Legendre polynomial (equal to 
1/2(3cos 2y-1 I) and the final term represents the projection of one transition moment onto 
the other. 
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Table 7-1: Classical limiting values obtained using Equation 7-7. 1 refers to excitation 
band type, L the band on which emission is monitored. 
By the Azimuthally Averaged Addition Theorem (AAAT), which is valid for two 
(uncorrelated) distributions of quantities which share a common axis of cylindrical 
symmetry, this expression may be simplified. The separate contributions from the 






where tjeJ  is the cosine of the angle between 	and J, and ji. fJ is the cosine of the 
angle between Ief  and J. From this, the classical (high J) limiting values of R can easily 
be obtained from inspection of the branch type involved. For a perpendicular branch 
(i.e. P or R types), the angle between .t and J is 900, resulting in P2 = - ½, whilst for Q 
branches, the angle is 0 0 , giving P2 = +1. Hence, the expressions presented in Table 7-1 
are obtained. 
In the non—classical limit, the same principles apply, but the J—dependent expressions 
require explicit derivation. The expressions for these polarisation ratios, P, are known 
[1], and presented in Table 7-2 for an orthogonal excitation—detection geometry as 
illustrated in Figure 7-1. Using these expressions allows Figure 7-3 to be constructed, 
which shows the variation in the theoretical P limit as J increases. The values indicated 
by solid symbols will be of greatest relevance to this investigation. 
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If there are collisions which change the orientation of J in the excited state (or, 
equivalently, transfer molecules from a state J to another J'), the degree of polarisation 
can be easily incorporated by reapplication of the AAAT to expand R again [2]: 
R= 
2 (P A 	 A A 
1)) P j A  2( 	j))(P 
 5 	[tie 
2 (




This implies all the information about the loss of alignment is contained in the value of 
[. 
JIJ) where 	J'J is the cosine of the angle, a, between j the second term (P2 
and J'. It is convenient to refer to the degree of polarisation expected in the absence of 
collisions R0 , where 





which produces results equivalent to the classical values given above, and those 
presented in Table 7-2. It is therefore possible to determine the average tipping angle, a, 
from 
= ([i t'IJ) = 
3(cos 2 a )_1) 
R. 
Equation 7-10 
Conventionally, this has been re—expressed [3] (through the use of the trivial 
trigonometric identities 1/2(3cos2a-1)=1-3/2sin2a) as 
132\ 	R (—sin a )1-- 
\2 	/ =  R. 
Equation 7-11 




(QT,QL) (2.J —1)(2J1 +3) 
8J,2 +8J1 —1 
(RT,R.L) (J, +2) (2.1, + 5) 
14J12 + 23J1 +10 
(PT,P..L) (J1 —1)(2J, —3) 










(PT,Q) - 2J1 —3 
6J, +1 
Table 7-2: Resonance fluorescence ratios for linearly polarised excitation taken from 
Ref 1. 
7.4 Experimental 
7.4.1 Optical Set-up 
Before investigating the polarisation propensities of the molecular system, the 
polarisation optics required careful setting up. The apparatus required has been 
described previously (section 2.4.1.2 on page 37) and shown in Figure 2-4, so only an 
outline of the set-up procedure will be included here. For accurate measurement, the 
exciting laser beam must have well defined polarisation, and therefore it was essential 
that all optical components were optimally aligned. A fixed Glan—Taylor calcite 
polariser was used, immediately preceding the reaction chamber to 'clean up' the laser 
beam polarisation. The entrance window on the reaction chamber will also potentially 
affect the polarisation, so alignment of this at Brewster's angle (56°39') is essential. At 
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this angle, transmission through the window will have no effect on the polarisation of 
the incident light. This was confirmed through the use of a second polariser after the 
reaction chamber entrance window, and a Molectron Joulemeter to measure transmitted 
power. The laser beam passed through both polarisers and the entrance window, and 
terminated on the joulemeter. Crossing the polarisers should result in total extinction of 
the beam, indicated by the joulemeter output, with the entrance window position 
adjusted until this was attained. The exit window position was then similarly optimised. 
The joulemeter was retained for all subsequent experiments to allow power monitoring, 
the effects of which will be discussed in section 7.7. 
Having ascertained that the incident light was of pure linear polarisation, the detection 
optic system was optimised. To measure both horizontal and vertical components of the 
resultant fluorescent emission with no bias towards either one and ideally with the 
greatest possible signal—to—noise ratio, several factors require consideration. 
Due to the nature of the holographic grating in the monochromator, a preference for 
transmission' of either polarisation component may be present. In a hypothetical 
measurement in which a single analysing polariser was rotated to sequentially measure 
the I,,, and I intensities, this would introduce a bias into the results. As will be explained 
below, an active optical device (photoelastic modulator) was used in practice to 
selectively rotate the plane of polarisation of the fluorescence signals. It was therefore 
possible, using a fixed analysing polariser after the PEM, to detect both I,, and I with 
the same fixed polarisation passing through the monochromator. Consequently, 
maximum sensitivity will be obtained through correct orientation of the fixed polariser 
prior to the entrance slits to match the preferred polarisation of the monochromator. This 
was deduced through observation of the variation in transmitted signal magnitude when 
using a non—polarised source, such as a small incandescent bulb. Fixing the orientation 
of the entrance slit polariser at either 00  or 90°, a second polariser positioned between 
the source and slits (the first polariser) was rotated, with the signal magnitude noted. 
After repeating this with the fixed polariser at the other orientation, the source is rotated 
through 90° and the measurement repeated. This ensured the source was non—polarised 
(the measurements would be the same for a true non—polarised source) and hence 
allowed deduction of the monochromator transmission preference. A 20% preference 
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for transmission of horizontally polarised light was found, hence all subsequent 
measurements were performed with the entrance slit polariser fixed to transmit this 
polarisation. 
Having optimised the basic optical system, the extra components required for 
fluorescence polarisation measurement were set—up. The two polarisers between the 
source and monochromator remain for initial setting up. Irising of the beampath was 
necessary to ensure all transmitted light passed through the optical elements, so that 
crossed polarisers resulted in total blockage of the incident light. Once this had been 
established, the PhotoElastic Modulator, PEM, was inserted between the two polarisers. 
As described in Chapter 2, this can produce rotation of the plane of linear polarisation of 
incident light of ±45° relative to the crystal axis. The PEM body therefore required 
setting at 45° relative to horizontal if the horizontal and vertical components of the 
fluorescence polarisation were to be resolved. Correct orientation of the PEM was 
achieved by switching on the element oscillation so that retardance occurred, and 
altering the angle of mounting whilst monitoring the transmitted signal. For either 
parallel or crossed polarisers (the effects will be 900  out of phase between the two 
possibilities), the observed signal oscillated between absolute zero and a maximum 
when the correct orientation was achieved. 
With the optical components successfully positioned, the timing of the experiments was 
arranged. The PEM has no facility for being triggered, thus it must be used as a phase—
locked timing source from which to trigger all other electronics (laser trigger, signal 
digitisation etc.). Careful setting of the laser—PEM cycle delay allowed both 
components of the fluorescence polarisation to be recorded in one scan (as discussed in 
Chapter 4), This avoids potential discrepancies in intensities caused by experimental 
variations which would be very difficult to eliminate if using mechanical rotation of a 


















10 	20 	30 	40 	50 
1 1 
Figure 7-3: Theoretical degree of polarisation as a function of Ji derived using 
expressions from reference 1 .Branches are labelled XY, indicating excitation on a type 
X branch, with detection of fluorescence on a type Y—branch. 
Chapter 7: Polarisation studies of C 2 A_ 21+ CIEET 
	 151 
7.5 Statistical Analysis Methods 
For meaningful data to be obtained from the polarisation measurements, the 
fluorescence intensity profiles require careful analysis. As discussed previously, the 
derived parameter, P (or R), is a ratio calculated from the parallel and perpendicular 
components of the fluorescence. Thus, it may be derived from integration of the 
fluorescence in a given wavelength region corresponding to a particular spectroscopic 
branch. Error analysis cannot therefore be easily carried out for any one spectrum, and a 
method of weighting the results from several scans to derive a sensible average is 
required. An outline of the procedure, considering the parallel, I,, and perpendicular, I 
, components of the fluorescence on a P—branch follows. 
For a genuine counting experiment, the number of I. counts on the P-branch is defined 
as C, with an associated uncertainty Similarly , the number of I counts 
on the same branch is CR  with uncertainty cC R 
Therefore, the absolute uncertainty in Cp— CR i5 
aCC 
=




which is also the error in Cp+CR . The definition of P is simply 
P = C—C 
Cp+CR 
Equation 7-13 






PCp  — CR J_CP +CR JJ 
= FCP= Cp+CR  +CR) +   (CP — CRY 
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Equation 7-14 





CP+CR 2J +1 
Equation 7-15 
Thus, provided C - CR << C + CR i.e. provided P2 <<1 
1 
oP jC +CR  
Equation 7-16 
The correct weighting to produce an average P is then obtained for each point using the 
relationship 
1 
w=-- =(CP +CR) 
oP  
Equation 7-17 
If the statistics are now determined by counting, but all counts are converted to signals, 
S, by a fixed instrumental factor, a, then 
Sp =a C 
SR = a CR 
and hence 
P =SP -SR  
SP+ R 
Absolute uncertainties are obtained from the relationships 
(Y 
SR 




S-S 	tJVSp +O 
= a ,.j (C + CR) 
and similarly 
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cYS+GS =aJ(CP +CR ) 
so, as derived previously in Equation 7-16, 
1 
[(Cp +C) 





= Sp +S 
_ r~a-- + ~a 
_ 
Equation 7-18 
The correct absolute weightings for an average P value are 
W = -k- = Sp + S 
U P 	a 
which implies that the value of a is required in order to derive correct absolute 
weightings. Relative weightings may thus be used from the expression 
P = S + SR 
In the case that a is unknown, the best approach [4] is to calculate a weighted average 
variance using the correct relative weightings, and allowing the scatter in the measured 









N - i 	Doi 
Equation 7-19 
In our case, 
Wi = Sp + SR 
X=P 
Xi =  Pi 
where P is the weighted average of P, and P1 are the estimates of P from each 
individual spectrum. 
Chapter 7: Polarisation studies of C 2 E - 2Z+ CIEET 
	 154 




and the overall average is therefore 
where 1', = each measurement of P from a particular parallel (P) and perpendicular (R) 
data set for a given branch, and 
W i =Sp +SR  
i.e. the weighting for a given data set is equal to the sum of the parallel (P) and 
perpendicular (R) signals for that data set. 





where N is the number of independent measurements. 




and hence the uncertainty in each point is given by 
2 
O f . 2 = Nw 1 
0. = F(Y i2 
Equation 7-22 
Thus, it was possible to calculate valid error estimates for the data obtained from each 
scan. 
With this achieved, the next step was to investigate the dependence of the total signal 
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magnitude on the excitation laser power. This is important factor, as optical saturation is 
known to reduce the degree of polarisation which may be obtained [6].  These 
experiments were performed by setting the monochromator to a fixed wavelength, 
corresponding to either the P(J=11.5) line, the P head or the Q head, with signal 
averaging of typically 512 shots. The exciting laser power was measured using a 
Molectron Joulemeter, with several PMT voltages used sequentially to assess the effect, 
if any, that this had on observed signal linearity. The laser power was varied through the 
use of the photoelastic modulator in the incident laser beam, followed by a fixed 
polariser prior to the entrance window. Careful setting of the delay time between the 
PEM cycle and the signal detection window allowed several power values to be used 
sequentially. Using a method such as this removes the possibility of inconsistencies 
between scans, and aperturing effects which would be very difficult to eliminate using a 
mechanical method. The results are presented in Figure 7-4. Within the non—saturated 
regime, the signal intensity would show a linear variation of magnitude with exciting 
laser power. It is evident from this Figure that these conditions are only reached towards 
the lower power regions investigated. Unfortunately, at this low power level, the signal 
magnitudes are very small, resulting in poor attainable signal—to—noise ratios. Thus, the 
polarisation—resolved spectra which could be obtained at the lowest powers were 
unsuitable for numerical analysis, and hence it was necessary to record spectra where 
the polarisation effects may not have been maximal. Power dependence of the B—X 
fluorescence was obviously not a consideration in the collisional experiments, however, 
as all fluorescence is collisionally produced, with only the possible saturation of the 
directly excited C—X, as discussed below, a consideration. 
The corresponding power dependency of the directly excited C—X fluorescence signal 
magnitude is illustrated in Figure 7-5. Again, linearity is approached only in the lower 
power region, where spectra are compromised by poor signal to noise ratios. Thus, for 
the later experiments into collisional transfer, where signal magnitudes were greatly 
reduced due to all the desired fluorescence being collisionally produced, optimal initial 
polarisation was not possible. A compromise between acceptable (usable) signal 
magnitude and predicted polarisation retention was therefore achieved through usage of 
intermediate excitation laser powers. 
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7.6 Spectroscopic Considerations 
So that meaningful polarisation measurements may be made, a detailed analysis of the 
underlying spectroscopy is required. Figure 7-6 shows a high resolution B 2  —X 2 11 112 
(0,0) fluorescence emission spectrum, with all branches labelled. This spectrum is of 
much higher resolution than those which will be obtained for polarisation 
measurements, but serves to illustrate the relevant details. Immediately apparent is the 
highly congested nature of this region, with only the P 1 branch in isolation; this restricts 
the experimental possibilities greatly. For valid conclusions to be drawn, both excitation 
and emission should be as well—defined as possible, with dominant contributions from 
only single branches. Thus, only the P 1 band provides an acceptable means of 
excitation.. Both the Q1 and R 1 branches have underlying features and so are less 
suitable for this type of investigation. Further, the R 1 branch is much weaker than the 
Q1, and is less compact spectroscopically i.e. the region is harder to define in terms of a 
wavelength region. For these reasons, it was concluded that analysis should concentrate 
on excitation on the P 1 branch and observation the P 1 and Q1 regions, with the R 1 
branches discarded for polarisation—dependent experiments. 
7.6.1 B 2 	—X2 H Spectroscopy 
With the experimental arrangement finalised, the spectroscopic details of the 
experiments to be performed could be established. The first question to be answered was 
that of the retention of polarisation in the fluorescence from the directly excited states. 
Ultimately, the experiments were to probe fluorescent emission from the SiF B 2y,  state 
which had been collisionally populated from directly excited C 2 A state levels. It was 
therefore necessary to establish that both these states could be directly produced with 
some degree of polarisation, as, without the possibility of retention of directly excited 
polarisation, no results relating to the collisional processes would be possible. With this 
goal in mind, a survey of the SiF spectroscopy to longer wavelength than had been 
undertaken previously in this investigation was performed. The C 2   state behaviour 
could be established from the C 2 z - X 2 U (0,0) band, for which the spectroscopy and 
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Figure 7-4: Observed signal magnitude versus exciting laser power for the B—X (3,0) 
system following excitation of (i) Q—head (ii) P—head (iii) P(J=13.5). For each panel, 
the three datasets correspond to different PMT voltages. For all, (0) 900V 0 950V () 
1000v. 
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However, the B 2y,  —X 2  IT system was less well known using the current laser set-up. 
Previous experiments in this laboratory [5] which had probed this region utilised a 
different laser system, thus it was necessary to re—investigate this region. Greatest signal 
magnitudes will be obtained for the (v', v") system for which v' and v" are lowest due to 
more favourable Franck-Condon Factors within this region, thus the band system at the 
highest available wavelength was desired. The results of this investigation have been 
discussed in Chapter 3, with only the desired B 2 - 
X
2 1-I (3,0) band being shown 
again in Figure 7-6. This shows that the system exhibits typical bandheads, which may 
be used for excitation purposes to give reasonable signal magnitudes at the expense of 
less rotational specificity, which is not a particular issue in this investigation. 
Initial studies proved very little polarisation effects were occurring, questioning the 
possibility of this investigation. However, after extensive and time—consuming 
measurements had been made, it was diagnosed that the window through which the 
fluorescence was collected was deforming under the pressure differential between the 
evacuated flowtube and the atmosphere. This deviation of an optic from the unstressed, 
planar form is a known cause of birefringence, which would effectively scramble the 
polarisation of any transmitted light. Replacement of this with a much thicker optic 
resulted in an increased degree of polarisation being produced. The results presented 
here are from measurements after this modification, and represent the best results 
obtained. Having established that this was the case, the power dependence of the 
polarisation degree could be investigated. The theoretical dependence of the P—ratio on 
the exciting laser power is known to be non—linear [6],  hence valid comparisons of 
polarisation effects can only be performed if power dependencies have been controlled. 
Figure 7-4 and Figure 7-5 show the variation of total signal magnitude with excitation 
laser power in a probe of saturation effects in the initial stage, a factor which could 
significantly reduce the observed polarisation effects. It can be seen that the graphs are 
approximately linear towards the lower powers used, indicating a region of unsaturation. 
Figure 7-9 and Figure 7-10 show the observed variation of P as a function of laser 
power (the x—axis units being derived from the joulemeter output). It is evident that that 
little or no correlation exists between these two parameters in our measurements. The 
obtained values are significantly less than theoretical. It may be concluded that 
systematical errors not identified are leading to this apparent deviation from the 
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expected behaviour. It is possible that the laser power was still in the regime where little 
dependence on power is observed i.e. towards the high power limit. However, further 
reduction was not possible due to very small signal magnitudes, and no further probing 
was undertaken. 
With the spectroscopy of the system known, probing at the polarisation—resolved level 
is possible. Because of the short lifetime of the B 2  state (:! ~ lOns), no depolarisation 
effects should occur, and hence, if polarised excitation is employed, the direct 
fluorescence should also be polarised to the full degree predicted theoretically. The 
result of such an experiment is shown in Figure 7-7, which plots the fluorescent 
intensity against wavelength for the B—X (3,0) band for both horizontal and vertical 
components of the emission. This spectrum was produced by exciting the B 
2 y , _ X2 [I 
½ (3,0) band at the P 1  bandhead, with wavelength resolved detection of the resultant 
fluorescence to X 2 H 3/2• 
It is immediately apparent that polarisation effects are evident, indicated by the differing 
intensity profiles for the parallel and perpendicular components of the fluorescence. 
Assuming excitation of the P 1  bandhead produces a rotational population distribution 
centred around J'=20.5 and using the expressions presented in Table 7-2, the values 
presented in Table 7-3 for the P—ratio may be obtained. The values obtained will be 
discussed in Section 7.7. 
Before any more detailed investigation into collisional polarisation propensities can be 
undertaken, the behaviour of the C 2 -  X 2 1-I system, and the specific details of the 
underlying spectroscopy of the process must be examined. 
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Figure 7-5: Observed signal magnitude versus exciting laser power for the C—X (0,0) 
system following excitation of (i) Q—head (ii) P—head (iii) P(J=11. 5).  For each panel, 
the three datasets correspond to different PMT voltages. For all, (0) 1050V; 0 1100V; 
(Li) 1150V. 
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7.6.2 CIA —X2 11 Spectroscopy 
While the B—X system investigation was essentially preliminary work, and merely 
provided confirmation of the ability to produce and detect polarised emission, the C—X 
system required more in-depth analysis before attempting collisional transfer 
measurements. Figure 7-8 shows the resultant fluorescence following excitation of the 
P 1 bandhead of the C 2 / 312 - X2 fl (0,0) system. Again, it is apparent that, in this 
spectrum at least, polarisation effects are evident. The corresponding P—ratios are given 
in Table 7-4 below. These values are the result of analysis of only one spectrum, and, 
whilst indicating the possibility of polarisation measurement show the large statistical 
variations in such a single scan. The results of the analysis of several spectra are 
therefore also shown in Table 7-4. It may be noted that these figures illustrate the 
dependence of the P—ratio on the exciting laser power; this is a factor which will be 
discussed shortly. However, it may be seen that the values obtained are essentially 
constant, thus an overall weighted average may be calculated; these are the values 
shown in Table 7-4. 
7.7 Results of Direct Polarisation Measurements 
Before attempting to perform or analyse any collisional results, it is necessary to 
determine the validity of doing so, based on the directly excited measurements. 
The results for B—X fluorescence polarisation will be considered first, the relevant 
values being shown in Table 7-3. It is first noted that polarisation in accord with the 
predicted qualitative sense has been achieved i.e. P(P1Q.i) <0 <P(P1P.t). Inspection 
of numerical values, however, reveals that the behaviour is not entirely as predicted, and 
so further analysis is required. The result for fluorescence in the P 1 band is in good 
agreement with the theoretical value, within experimental error. This may be attributed 
to the fact that both excitation and detection are on an isolated, pure F1 - F1 transition 
and, as the B  2y,  state lifetime is so short (:!~ lOns), no collisional redistribution can 
occur. Thus, population promoted by polarised light emits effectively instantaneously 
whilst still in a polarised state, resulting in highly polarised emission. Fluorescence 
attributed to the Q1 band, however, is not so conveniently explained. Partially 
underlying the Q1 band is the low J tail of the R 1 band, which is expected to show 
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opposite polarisation. Thus, fluorescence which occurs on R—type transitions will 
exhibit P<O whilst Q—type emission results in PA. Competition between these two 
factors may result in the more intense Q—type fluorescence having an observed P—ratio 
less negative than expected. Further, the spectrum shown in Figure 7-7 reveals that the P 
and Q branches are not fully resolved, with the result that some of the fluorescence 
attributed to the Q branch is actually the product of the high J tail of the P—branch. This 
should exhibit a lower degree of polarisation than the Q branch, again resulting in a 
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Figure 7-6: B 2 	- X2 [I (0,0) dispersed fluorescence spectrum indicating congested 
nature of spectral region of interest. 
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Figure 7-7: B 2 	- X 2 LI 312  (3,0) polarisation resolved fluorescent emission spectrum 
produced on excitation of the B 2 + - X 2 II ½ (3,0) P 1 bandhead. Solid line is I 
dashed line is 'II  as described in text. Laser pulse energy was -0.5mJ 
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0.12 0.118 0.128 ±0.046 
(P1,QL) -1/ 
/3 
—0.3 —0.205 —0.189 ±0.012 
Table 7-3: P—ratio values for excitation of B—X P 1 bandhead and detection of two 
fluorescing branches. (a) classical limit for high J (b) value assuming population centred 
around J=20.5 (c) typical measured value derived from a single spectrum as shown in 
Figure 7-7 (d) average experimental P value derived from data in Figure 7-10. 
Transition P (high Jlimit) (' P (J=34.5) "I P (observed) ()  P (average) (d)  
(PT,P..L) 1/ 
/7 
0.12 0.054 0.087 ±0.014 
(PtQ1) - 1/ 
/3 
—0.3 —0.166 —0.084 ±0.009 
Table 7-4: P—ratio values for excitation of C—X (0,0) P 1 bandhead. (a) classical limit for 
high J (b) value assuming population centred around J =20.5 (c) calculated value from 
spectrum shown in Figure 7-8 (d) average values from Figure 7-10. 









Fluorescence Wavelength / nm 
Figure 7-8: C2 A  —X 2 H jt2 (0,0) fluorescence spectrum produced on excitation of the P 1 
bandhead of the C 2 L —X 2 fT 3/2  system. Solid line is I 	dashed line is I,, as described 
in text. Laser pulse energy -0.5mJ 
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Figure 7-9 P—ratio values for directly returning B—X fluorescence. Upper panel: P— 
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Figure 7-10: P—ratio values for returning Upper panel: P—branch, Lower panel: Q- 
branch, following excitation of C 2 - X 2 fl (0,0) P 1 bandhead. 
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Discussion of the C 2 i state polarisation is more complex yet. Because of the increased 
lifetime compared to the B 2 state (-lOOns cf. <iOns, see Chapter 5), collisional 
processes within the state must now be considered. Again, excitation is on a pure, 
isolated P 1 bandhead, resulting in direct population exclusively of the F1 manifold. 
Collisional transfer from this to the other spin—doublet manifold is now possible, hence 
fluorescent contributions from this must be included in analysis as discussed in Chapter 
4. 
Inspection of the values in Table 7-4 again reveals that some degree of polarisation has 
been achieved, although the magnitudes are less than those for the B state. 
Rationalisation can be achieved through comparison of the spectroscopy of the two 
systems. As stated above, excitation populates only the F1 manifold, but collisional 
transfer can occur within the C state. Thus, population which in the B—X system 
fluoresced only from the directly excited levels, and hence produced the observed large 
degree of polarisation, is now collisionally redistributed across both spin—doublet 
manifolds and a distribution of rotational levels. These collisions may also change mj, 
and hence serve to reduce the degree of polarisation. As discussed in Chapter 4, around 
40% of the population remains in the level to which it was directly excited, resulting in 
60% of fluorescence from collisionally modified molecules. For observation in the P 1 
branch region i.e. PT, P.!', this rotational distribution may serve to reduce the degree of 
alignment within the F1 manifold, resulting in a lower than expected value for the 
observed P i.e. the experimental value of 0.087 ± 0.014 compared to a prediction of 
1/7 
Fluorescence observed on the Q1 branch is less straightforward. The region in which 
fluorescence is attributed to Q1 actually contains contributions from four other branches 
also; R1, Qp219 RQ21 and SR21.  This is a complication over the direct B—X system, because 
collisional transfer between the F 1 and F2 manifolds means fluorescence occurs on all 
branches. As seen in Table 7-2, the P and R branches exhibit polarisation effects of 
opposite sense to the Q branch (for a given excitation branch). Thus, the collisionally 
modified population distribution, which produces fluorescence in all bands, results in 
conflicting effects within this region. The observed polarisation, therefore, is further 
reduced from that expected for a pure PT, Q.L because of this 'impurity' of the 
fluorescence. 
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Thus, the expected degree of polarisation is reduced further from that observed for the 
B—X system, but it has been shown that production of polarised C—X emission is 
possible. 
These preliminary investigations established the ability to directly produce polarised 
fluorescent emission, and hence proved the validity of attempting experiments into 
collision transfer polarisation propensities. The following section presents the results of 
polarisation measurements on B 2 + —X2  IT fluorescence produced on collisional 
transfer of population from the directly excited C2A state into the B 
21,  state. 
7.8 Polarisation of C 2 i 	2  Collisionally Induced Fluorescence 
The previous chapter concerned the analysis of the rotational propensities of collision 
induced electronic energy transfer between the C'A and B 
21+  states of SiF. Having 
ascertained a fraction of the directly excited C2A state population is transferred into the 
lower lying B 2  state, from which it fluoresces, more refined study of this 
fluorescence was attempted. This section will therefore present results for this process 
at a polarisation resolved level. As will be discussed later, information at this level can 
provide greater insight into the dynamics of the actual transfer event. 
Figure 7-11 shows the fluorescence profiles of the two polarisation components of the 
2 1 + - X2  H fluorescence resultant on direct excitation of the C 2 A - X2 H system in 
the presence of 1.5 Ton H 2 . Because of the inherently very weak signals produced in 
such an experiment, this spectrum is an average of nine individual scans, each of which 
was the result of 400 shots per point multiplexing. Averaging of several 1 hour scans 
in this way was performed as problems with long term laser wavelength and power 
variation meant increased signal averaging in individual spectra was not viable. Smaller 
signal to noise ratios in shorter spectra caused difficulty in wavelength alignment for 
averaging. Whilst the signal to noise ratio is not very great, it is apparent that some 
retention of polarisation has occurred in at least the P branch region. Derived values for 
the P ratios are given in Table 7-5. Also included for comparison are the values obtained 
for the directly excited C2A  state. It can thus be seen that polarisation retention does 
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indeed occur to some extent in the P branch region only. 
Rationalisation of the magnitude of the observed effect is again possible through 
consideration of the processes involved and the underlying spectroscopy. 
The value for P 1  branch B—X fluorescence is very similar to that obtained from direct C—
X excitation measurements. This implies a surprisingly large fraction of the molecules 
have retained their pre—collision alignment over the interstate transfer event. A 
quantitative measure of this alignment may be obtained through the use of Equation 7-
11 to calculate the average tipping angle, a, between the J and J' vectors. Error analysis 
was performed using the standard propagation of errors techniques as detailed in 
Bevington [4].  Using the measured R for the collisionally populated B—X P branch as R, 
and the measured R for the directly excited C—X P branch as R0 , as given in Table 7-4 
allowed the determination of <a>=17° ±290 Thus, it has been shown that a degree of 
alignment is retained within the collisionally populated state subsequent to polarised C—
X excitation. The large error value obtained in this calculation meant more detailed 
analysis or modelling was not realistic on the quality of the data obtained. 
However, the value obtained may be systematically too large due to the analysis method 
used. To determine I,, and I, the intensity within a given wavelength region is 










Table 7-5: P—ratio values for excitation of C2A  P 1 bandhead and detection of B—X 
collisionally induced fluorescence. (a) classical limit for high J (b) value assuming 
population centred around J =34.5 (c) Average values calculated as described in section 
7.8 from the results of 9 scans (d) value for direct C 2 A excitation as discussed in 
Section 7.6.2. 
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integrated. In order to ensure least possible 'contamination' between rotational 
branches, a region of fluorescence is left unanalysed between the Q—and P—branch 
measurements. This has the effect of selectively removing fluorescence in the blue 
region of the P branch from contributing to it's P value. The spectroscopy of this band 
indicates that this is the low J region, hence the analysis is biased towards mid—to—high 
Js. Consistent with the model described in the previous chapter, which requires addition 
of the initial rotation to the impulses on transfer, these would be expected to show most 
positive correlation with the initial alignment in order to explain the highest final Js 
obtained. Thus, a value higher than seems reasonable may be expected. 
Explanation of the Q1 branch result is again based on the attributing of the fluorescence 
observed within this region to the correct bands. As discussed previously, the 
fluorescence within this region is not only from the Q1 branch, but also contains 
contributions from population in the F2 manifold.. Further, as discussed above, the Q 
and R branches exhibit polarisation behaviour of opposite sense to each other, resulting 
in an amount of net cancellation. The observed value of O is therefore due to 
overlapping P and R type branches in the Q branch region which all fluoresce due to 
collisional transfer into both the F 1 and F2 manifolds, rather than an artefact of the 
transfer event. This unfortunately means that no information on the actual collision 
mechanism can be derived from measurements within this region. 
7.9 Conclusions 
The conclusions which may be drawn on the results presented in this chapter are the 
result of particularly difficult experiments which were greatly hampered by very small 
signal magnitudes and unfortunate spectral congestion. These resulted in data which was 
not as comprehensive or conclusive as it may have been, but nonetheless, realistic 
conclusions may be drawn from that which was obtained. 
It has definitely been established that polarised B—X fluorescence can be directly 
excited with the correct statistical polarisation ratio in the spectroscopically isolated P 
branch region. Also conclusively proven is that direct excitation of polarised C—X 
fluorescence is possible. The P value is reduced, even for PIP'.L, from the theoretical 
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value, which can be rationalised as a result of collisions within the C state, with possible 
further reduction through partial optical saturation, as discussed in Section 7.6. 
Further, it has been established, in at least a qualitative manner, that the collisionally 
produced B—X fluorescence subsequent to polarised C—X excitation is polarised, within 
finite error limits. This fits qualitatively with the mechanism determined in the previous 
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Figure 7-11: Typical polarisation resolved B 2 y ,  —X 2 11312 (0,0) fluorescence spectrum 
indicating profiles of (- - - ) I,, and ( 	) I_L produced following direct excitation of 
C 2 L —X 2 11 112 in the presence of 1.5 Ton H 2. Laser pulse energy -0.5mJ 
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Any interpretation of the data obtained in this thesis must simultaneously explain the 
results of probes into all facets of the transfer event, found both in this investigation and 
previously [1,2]. The main features which have been established in this thesis and 
relevant results from elsewhere are summarised below. 
There is little or no dependence on the initial rotational state of the probability of 
quenching, of the electronic branching fraction, fB'  or of the product state vibrational 
distribution. Initial rotational angular momentum is found to be additive to the SiF 
product state rotational momentum imparted in state—changing collisions i.e. increasing 
initial J results in observation of higher final J The product state rotational distribution 
is significantly affected by the collision partner identity, with N 2 producing greater 
product rotation than H 2. The product state vibrational distribution, however, is 
relatively unaffected by the collision partner identity, with strong Franck-Condon Factor 
correlation observed. The preferred vibronic channels involve large energy defects (AE 
5000cm'), and therefore there must be a mechanism capable of partitioning this 
energy to rotational and translational degrees of freedom The most obvious way of this 
happening is through a strongly repulsive interaction, as developed quantitatively in 
Chapter 6. This explains the observed rotational distributions semi—quantitatively, and 
also fits satisfactorily with the limited polarisation results in Chapter 7. 
The apparent lack of influence over all the SiF transfer behaviour (apart from the 
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product rotational distribution) of initial rotation, as discussed in Chapter 5, suggests 
that there is no preferred collisional geometry for transfer from the SiF C 2 A state. If 
there were preferred geometries, these would be increasingly disrupted by rotational 
motion, and hence the probability of quenching would decrease. The large cross 
sections obtained for total quenching rate constants are also indicative of no strong 
steric effects. 
Other possible transfer mechanisms may also be considered. Complex formation, which, 
in the limit of long lifetimes, results in statistical distribution over available product 
states may be discounted by consideration of a previous result. It has been found [1,21 
that the SiF product vibrational distributions are correlated to the Franck-Condon Factor 
between the initial and final vibronic levels (as illustrated in Figure 8-1), which implies 
a "sudden" controlling process and hence not formation of a long lived intermediate 
complex. 
The main question to be answered, after rationalisation of the observations, is why SiF 
exhibits such a strongly repulsive interaction which leads to the observed large 
rotational energy release. It is believed that these observations may be understood in 
terms of the electronic character of the two states involved. As discussed in detail in 
Chapter 3, the C'A state has predominantly valence character and will therefore have a 
much smaller electronic volume than the Rydberg state B 
2 +• Thus, at sufficiently 
small SiF - Quencher distance, the mild interaction between the C 2 A state and the 
quencher is suddenly replaced upon transfer by a very strong repulsive impulse of the 
physically much larger B 2y,  state. This is analogous to the blue shift of Rydberg states 
relative to valence states in matrix studies [3,4,5]. 
In an attempt to quantify the effective size of each state, it is possible to make estimates 
using correlations with atomic orbitals. From Chapter 3, it is known that the highest 
occupied C 2 L t* valence state orbital is predominantly the Si 3p valence orbital. Thus, 
the size of the molecular orbital may be estimated using the well—known expression 
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VI 
	 v  
Figure 8-1: Comparison of the product B 2 1 + ,v' state vibronic distributions for (a) SiC1 
and (b) SiF following excitation of (i) v=O and (ii) v=1. The analogous SiCI results are 
taken from Ref. 10. The symbols are as defined in the key. 
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n 2a0 
r- 	* z 
Equation 8-1 
where n is the principle quantum number, a0 is the Bohr radius and Z is an effective 
nuclear charge including the effects of screening by the inner electrons. Slater's rules [7] 
allow Z* to be estimated, with the radius of the Si 3p orbital calculated as 1.15 A. 
Similarly, the Rydberg orbital radius may be obtained from 
*2 r n a0 
Equation 8-2 
where n*  is an effective quantum number, which may be obtained from the relationship 
n* n—& The quantum defect, ô, may be derived from experimentally observed 
ionisation potentials and term energies, and is known [8] for both the Si 4s Rydberg 
atom and the SiF B2 y I state to be 1.9. The calculated radius is therefore 2.4 A, 
approximately twice that of the pre—collision C 2 i value. Thus, these calculations 
provide a numerical basis which justifies the qualitative conclusions about the relative 
electronic volumes of the states. 
Schematic potential energy diagrams showing the interaction of the SiF with the 
quencher molecule were constructed. These assume only 2 degrees of freedom; the Si—F 
internal distance, R, and the SiF—quencher distance, Q. This is reasonably justified 
because of the lack of any strong steric effects as described above. The potentials in the 
SiF co-ordinate is a Morse function approximation to the true C and B state potentials 
using the correct molecular constants for each state. This is of the form 
U  =De { 	} 
Equation 8-3 
Y2 
where De  is the well—depth, a is given by 	2 w (where t is the reduced mass) and 
re  is the equilibrium internuclear distance. 
The potential is the SiF—Q co—ordinate is a Lennard—Jones potential [9] of the form 
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U(r) = 46 ~lr[)2 ,/)] 
Equation 8-4 
The two adjustable parameters are c, the interaction well depth, and i, the collision 
diameter. These parameters were not known definitely, but may be given realistic 
values. The actual values used were (Y=5, c=200 and c=2.5, c=lOO. These are 
typical values for molecules of this size, with the larger value for the B state reflecting 
the more polarisable nature of the Rydberg state. The selected well-depths do not affect 
any of the qualitative conclusions. More importantly, the size parameters, of 2.5 and 5 A 
for the C and B states, respectively, reflect the estimated differences in the electronic 
radii calculated above. The two potential functions are assumed to be additive i.e. the 
stretching of the Si-F bond does not significantly affect the SiF-Q interaction. This will 
be obviously an approximation, but will be reasonable justified except at the shortest 
ranges where the two distances are comparable, and should therefore not affect the 
qualitative conclusions too much. The curves in the diatomic axis, R, are formed using a 
Morse potential. The surfaces shown in Figure 8-2 are not intended to be interpreted 
quantitatively for the SiF system; they are included only to aid visualisation. 
Intersection between the upper 	and lower 21,  states of SiF can be seen to occur at a 
position high on the repulsive wall of the 2E state at a relatively well-defined 
quencher-SiF separation. This implies a short range in the SiF-quencher co-ordinate 
during which transfer can occur, with strong repulsion down the inner limb of the 
quencher - B2 y  I potential immediately after the event. This 'suddenness' of the 
collision correlates with the idea of Franck-Condon Factor control of the product state 
vibrational distribution. The strongly repulsive interaction obviously is consistent with 
impulsive energy release which will generate asymptotically (in this simple model) SiF-
Q relative translation. In a more realistic picture, including the SiF-Q angular co-
ordinate, this impulsive release could correspondingly lead to the observed SiF rotation. 
Finally, also to be explained by any viable model are the contrasts between the SiF 
results and those for the nominally isoelectronic SiCl molecule, which has been studied 
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previously in this laboratory [10].  For this system, the main features of the experimental 
results are as follows. The total quenching cross sections are large for all quenchers 
investigated, with a Parmenter—Seaver [11] attractive force correlation evident. The 
electronic branching fraction, fB'  is quencher dependent. The product state vibrational 
distributions are very quencher dependent, showing no correlation to any obvious 
system parameter. A comparison of these vibrational state distributions with those for 
SiF is given in Figure 8-1. The SiC! B 2y,  product state rotational distributions show no 
evidence for substantial rotational energy release. Figure 8-3 shows the surfaces for the 
SiC! system. It has previously been established [12], as illustrated in Figure 8-1, that 
the SiCl product state vibrational distributions do not correlate at all with the Franck-
Condon Factor between vibronic levels, and are very dependent on quencher identity. 
Thus, two systems which are nominally isoelectronic exhibit very different transfer 
behaviour. 
It can be seen from the two Figures that there is obvious difference between the relevant 
states of the two molecules. SiCl shows a complex seam of intersection between the two 
states. This results in a greater range of SiCI—quencher separation across which transfer 
may occur, resulting in a much less sudden event. The SiCl results are consistent with 
this non—localised transfer mechanism in the following ways. The principal feature is 
that the vibrational distributions are no longer Franck—Condon controlled, consistent 
with a non—sudden process, which becomes sensitive to the details of the crossing 
probability during multiple passages through the seam of intersection and therefore is 
sensitive to the nature of the collider. Transfer is possible at longer ranges than for SiF, 
consistent with the Parmenter—Seaver (long—range attractive force) correlation being 
reasonably satisfactory and a generally 'softer' interaction leading to less impulsive 
energy release. Also, the B'—B branching fraction, fB'  is maximised for SiCI B' v=0 
which corresponds most closely to the energy of the asymptotic crossing between the B' 
and B states, and therefore the longest range in the SiF—Q co—ordinate over which 
transfer can occur. 
Thus, it is believed that the main features of the results can be satisfactorily explained 
by consideration of the electronic structure of the relevant states and molecules. There 
are still some features which remain unexplained. These include the relative efficiencies 
Chapter 8: Interpretation of Results and Conclusions 
	 182 
of the quenchers for SiF C 2 z, which, beyond a rather circular proposal that this reflects 
the relative ease of reaching the crossing seam in the different cases, are not yet 
understood. Future measurements, including the temperature dependence of quenching, 













Figure 8-2: Schematic potentials illustrating the interaction between the C 2 (upper 
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Vy 
Figure 8-3: Schematic potentials illustrating the interaction between the B ' 2 L (upper 
trace) and B 2 + (lower curve) states of SiC!. 
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